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H2E IB-IBM > Ial—Ta ity e3<
kR D E R EHRE RN DEH

21 #E

M, BBHSRBENE S, MWRTRE, mEWE, PR X2 EdHEICER TV D
ZEMG, Bt um LEOR ARG LT 5 ABMD A E LTI HNBNLTWS.
A DIETERIL, AWK ERERAIWFMOREEIEHD L2 EER /T A =2 THY,
AMOBHRERL AT mE AR BN TEREICHRE T2 2 AN ETHD. FH1ET
bk 7z k91T, BEMOEIHEEICOVTIZINE TEL OHRANM RSN TE N
M OENBIITEMOMEE, A v =238 (1 inch 720 OME O kY H7r L1
KIFEL, ZOMAEDOEHITEEICH D70, ERMFOATIZIZN D ORELZI LM
THZENEE L.

Z T, kA, ke A min T AR OEIERFER S I 2 b —va VEFERL,
MOMEE, A v a¥, #%0 FNRREIIC LT RS
D OB L LA OBREFA LML, AT uE RAOBRFHIEW TS
B0 0E, PR A FTHE & 3 2 ke, ke ot /AR A B L.

&
Tz, vIalb—va itk
A
=
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22 W HBEFEEH I 21— gV

TEARGHRAZ I3 ARV < 9% (Lattice Boltzmann Method, LBM) % "3, 4xifd & jii{k
OHERORBUZIIEFE B DIAAEESR  (Immersed Boundary, 1B) EZEA LY. K1
P < AR, EE R FOEEEE AR L, BhiroBH) (FE) LIk y
R [ 8 J 3~ D ARABRL 7 O EE /0 A AR D IR DIEEN 2 KO 2 FIETH Y, T4T Y X4
MR CEdll - WHHERA RS TH . E£iz, REEIRE DA B FE SEHE R iR o
JE D Oy E B EAS T TR D 2 ENTEHFIETHY, MeME v ong >
Rab— T 2DITHELTND.

TR OB & R AR - OB G I 1L D3Q19 (3 kot 19 &) E7 L&A L7z

(BT84 =1, FERIZIZ: Ar=1). BT RV~ HRACEEHEZ BN L, #221E(C
X BGK E7 /L& H e,

(0)
gl.(t+l,x+cl.)=gi(t,x) gi78 +;Ec cht( ) 2.1
T

ZZT, 3B mG (= 0-18) IZXfT DR OMEE, ¢ IR, x 13T ROME, g
W ¢; ORI DAL, g OIS ¢ DR+ DO A5 %L, « 1TRERIER, E 38
FA i KT B EAMEE, FoulZEWE NI TH D, g0, 1, BT, ZNENKRAXTERSIND.

gi(o) = pE, {1 +3¢, -u+ z (c, u)2 —% u-u} (2.2)

7=3v+0.5 (2.3)
1 1 1

EOZE’E1~E6=§’E7~E18:£ (2.4)

T, wlXREGERE, p (XKL, v IXEEECH D, (KT Fould, #TH OB
RRRE o & [EIR—RIREAXHEE B RATE 2 b d.

F, =ap(u,—u) (2.5)
2T, uXEERHE TH D, BFEE a OFHRITIL Yuki ef al. OB # EBRECREIE A2 H
AV RN

B, KIalb—va VBWTYBE IR 8 4, HOWE U, B OREBFHE
Eec (=1) THELSh TS, BERNERTHDIMREE p, EEE pu, J£7) PIXRA
TEHRIND.

p=zg,~(f,x) (2.6)
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pu=3 cg,(t,x) 2.7

P=pc} =~ (2.8)

3
IIT, GEEETHY, KT ALY L ETIHKRATE DA,
d

“T

Fig. 21 12v 3 ab—ya v RER LTz, x, y HOE T H niy, nuyld 128, z ok
FHen 35128 Le. v ab—va VRNOMEREIZ X, y FRICERLEN 4 5T
BZFDH (BOTA Y —8 YT, puie=n1d4), z=3n/4 [ZHEOH LR 5 XD ICFHE
Lo, BERRMEE, LETCIEEE po= —&, EEAR =0, T CIIEEAR =0, HH

WE Uy = —F, 4 E3EWEBERSELE L, L, BHENCEMoT Y —v v T
Puie EREEZ L L2 LA VR Rey & HDEE Up lZ L > THIFIL 7=

Re, = Lo P (= Uyl /4)j (2.10)

(2.9)

1% |4
HE LM% Table 2.1 ICF & 7~

= Constant

n =512

Woven mesh

g g g v g e e

3
z=384(=-n.,)
Periodic ¢==) 4b
= Constant

UO
Z 7
y ¥ n, =128
‘ /=128
X

Fig. 2.1 Simulation system

Table 2.1 Simulation conditions
npxXnyy,xny;: [-] 128x128%512

v [-] 0.064
7 [-] 0.692
po atinlet [-] 1

Uy at outlet [-] 0.004-0.04
Re[-] 2-20
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Wire diameter

Wire pitch

Fig. 2.2 Wire configuration of woven mesh in simulation

(a) Plain weave mesh (b) Twilled weave mesh

Fig. 2.3 'Woven mesh models in simulation

MO T X, AFEOHELHNTZHEOMAE DRI I W ERR L. (Fig. 2.2).
T A ¥ —ORKTIIAKREOMAFEEZME, ZORIZTA Y —DELELE LIz, ZBHENLRZM
2T TUA Y —MELGEIE, HO A2 EEOR - Bl CAREOMREE TS X9
ICRE LT, REPOBRRIINTTUA Y —RNEETLI5EIE, £OF FKRFEOMEZIE
T L7, ke ITmem & s —EDMREEZ kD, — KT ORAIILDS72/#&Y 5T,
TERR AT MG E B — B ORI AR D, AWV AT ORIV TRbo Mk J7ic
725, AERL LTk, fEfkaMo T V% Fig. 2.3 12 L7z,

2.3 ERFBEFAR

Fig. 2.4 |27~ L7 Z250G il B 2 D TRk o = ) ZHE Lo, 7 4 A 7R Of%
&M ME : A7 L R) ZHE (N =357mm) NIZEEL, a7 Ly —nbzE
R[A BV AR, FTEDREIZET DM OIE R R % 25 (2 A T35 PT105A-A,
PT103B-A) (C XV #IE L7, WREIIMEHDICRE LR E R &t (2 2 estani
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DF-2810A) IZX VW HIE L, Fi®E =10.0-300 ¢/min (i =0.167-5.00 m/s) & L7-. Table 2.2
WCEBRGEM 2R LT, F£72, #ESMEOHERE do, HEREE d,, HEA v 28 n,, BiA Yy T2
Mon 2wt (=a 8 V-12B) ZHWTI0@BATIE L, TNENDOYHEZ KD T-.

19 Hose / Pipe
Compressor
Approx. 15m
Valve
T v T T
! ; Circular pipe |
@19 Hose ! : O-ring !
Approx. 5m ! !
PP H 5| <! Cover i
1 |
,,' e Gasket E
,/ ©35.7 Woven mesh !
1 / /'l i Circular pipe 1
47
Air __¥
el ! i L
g ] T 12 Differential
2! i g pressure gauge
1 ‘s |
[>e}
Woven mesh

¢25 Hose
Approx. 3.5 m

Flow meter

Fig. 2.4 Schematic of air permeability test device

Table 2.2 Experimental conditions

Fluid Air
Temperature ['C] 20
Density, p ¢ [kg/m’] 1.21
Viscosity, x[Pa*s] 18.1x10°°
Velocity, U [m/s] 0.167-5.00
Permeation area [mz] 1.00x10~
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24 FERBIOUOBLE

241 YIal—v 3 vOEEKE

LEREEE L2 IB-LBM 'R = L—y 3 Y OZYMEEREET 5720, £ 3 HAEOTEHST
FHEEITo 72, FAHEDOER dy & nia/12, n/10, n/8 & L, Fig. 2.1 & [R U R, Table 2.1
& A CRHESIFIC TR Y o a3HE L

Valb—va VERND, K TRINDHEOH MR E R DT

2
cy=-2ho
pUO Acy

2.11)

ZIT, GBI, foldBi)), Ayl ZMHAEOESEWRBE TH LS. U foldiinirm (2
JilE) ST oM ORMThE A b,

fo =2 Fue. (2.12)
Fig. 2.5 (2, W TEHZ LMD LA / VXL Reey & HLIMRER DO BEfR & /R T
U,-d
Re =—_' "9 (2.13)
cy V

Fig. 2.5 |Z1% Takami and Keller (2 & 2 FEOFMREORER L, SHEER OB L TH
V. ¥ 2 b—y 3 USRI Takami and Keller OFf5 R & L < —& L 7.

20
& d,=n /12
(s K [ ] dcy=nL/10
[ | dcyZnL/8

X Experiment (Takami and Keller, 1969)
10 k o)% O Calculation (Takami and Keller, 1969)

Cp [-]

X

“Wi X¥ x x ?
0 1 1

0 5 10 15
Recy[-]

Fig. 2.5 Comparison of simulation results with results from previous study (Takami

and Keller, 1969)% for the drag coefficient, Cp of a cylinder

-16.



IB-LBM ¥ =2 L—3 3 L% &S < e o = IHER O E

Table 2.3  Woven mesh specifications for simulations and experiments

Wire Number of

Weave . A x 10° Af x 10° Measurement (Experiment)
type diameter meshes dw ds Ny N
[(mm]  [in']  [m]  [s] |[mm] [mm] [in"] [in"]
PL200  Plain 0.05 200 3.97 6.67 0.047 0.051 200 200
TW300 Twilled 0.04 300 2.65 2.96 0.039 0.038 301 300

WIT, MoK ERRBRERL I 2L — g URERAET 52 LT, e
RTHRY I 2 b—ra COZBEERRGE LT, BREEIZ V72 481X Table 2.3 O YD Th
5. MBIV SMIc oW TIE, B (=8 V-12B) 1280 BIE L7-HERE dy,
BERREE d, MiEA > ¥ 28 nw, BEA v > 28 ne b L7z (10 EFTONEEIE) . M OFRPE duire,
A ¥ 2 nyie (linch 4720 OB OH) OV A Y —E YT puie, HBIE 6, BIFLE ¢
(B o mfELE) FRAUCLVFHEIND.

pwirc = ﬁ (214)
o= Pwire — dwire (2 1 5)
52
¢ =— (2.16)
pwire

Table 2.3 12, ¥ I alb—a VAtHEROEK T A X 4, EXALAT 7 A bFEL
T, FEHETFYA X403, FHRERCTVA T =4 EyTFRRA->TND I b, ALK
HHND.

4p..
A — WIre
= 2.17)

FEIALAT v T AL, FRETTA X4 EFERIZB T LML v, ¥ Ialb— a0
B DLERE v D, ALV RDOOLND.

At =422 2.1
=4 (2.18)

YRa s VEERE Y BRI AMOR NG, Kl AV THURE S kT,
— 2fD

pU, A=)
SIT, AERKEBERE THS. ERERND L, K B THAREE RO

D

(2.19)
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2AP
C.=—_— >
? prz(l—g)

ZITC, APIFEIEEATHS.
BFoNTZPRE Co & VA VXL Ree DBfR % Fig. 2.6 127”7, Fig. 2.6 15, k4
M, e blicyIab—va UREREEREEN I —HLTEBY, AvIal—

aviiRHELEERD.

(2.20)

1000
A
*
100 84
&) ¢ PL200 Experiment
10  OPL200 Simulation

A TW300 Experiment

OTW300 Simulation
1 1 1
0.1 1 10 100

Re, [-]

Fig. 2.6 Comparison of simulation and experimental results for drag coefficient, Cp

2.4.2 SO PR D AR TU RIT T

VIalb—va ROV TREEOKM PR (B0 7, 8, A v vaf) MR
PUTKITTRELR AT, FHEICHW &M OHAEE Table 2.4 (T 7. Fiikaid 3 FEHH,
fEfkeiE 3 fEH Y, B IIRTRUTHE, AvvaBZzZExT05. ihoff%

Table 2.4 Woven mesh specifications for simulations

Wire Number of Aperture Open area

. 6 8
\Ye;;/e diameter meshes size ratio Porosity  4,x10" Aty x10
Yy .-
[mm]  [in"]  [mm] [-] [-] [m] [s]
PL178.9 Plain 0.065 178.9 0.077 0.294 0.627 4.44 8.33
PL200  Plain 0.05 200 0.077 0.368 0.695 3.97 6.67

PL226.8  Plain 0.035 226.8 0.077 0.473 0.784 3.50 5.18
TW178.9 Twilled 0.065 178.9 0.077 0.294 0.651 4.44 8.33
TW200 Twilled  0.05 200 0.077 0.368 0.710 3.97 6.67
TW226.8 Twilled  0.035 226.8 0.077 0.473 0.792 3.50 5.18
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(a) PL200 (b) TW200
- [
Dragforee [-: 6000 0.0003  0.0006  0.0009 0.0012  0.0015
' _ E—
Streamline velocity [-]: 0.00 0.01 0.02 0.03 0.04 0.05

Fig. 2.7 Typical flow states around woven mesh (Re; = 5)

Fig. 2.7 (ZBI/RT 5. AR OEES, TN -S> TR Y, &MEAI g ¢
WL Z R LTe, — 05, G OLE, ke & LT Lt Tz, Zhig,
TR AREIT T A Y — RN ERE L TV D DICKH L, ERRERIZY A Y —2K TSR b L
ZAHERIDIID L ZANRIET HIDTHD. £, HEGHE CIIEATFMPRIZT T
72<, el ETHOKERZO VA ¥ —Thbm iz R L.

WIZ, MRS IR 5 xy 0 EEIH) D2 L% Fig. 2.8 (2R T. iMoo bt i
JEAH g X 0D L ERMOMETE—27 2R L TWDHOIIK L, #EkEREITeEO LT
IZT2o0 =7 %R Lc. @MfOERBEELbEZT~2 & (Fig. 2.9), Hi)1 &R, Tk
Sl Tl R T — 2 2R L, kel TldeM L T T2 oo —2r R L.
R L7238 Y, kTl U« v —25e L Ol LT 5720, Al L T O A
WERY, BTV A Y —DKER D EAT 5720, FERIIEHEETHIC2 2E—2
RO, LLEORERND, SHEOBEERFINCHEIEEL THDL ZENbN5.

Tk, e E BICHEPRE S RDIZEERBEROLRELRDD, FUTRE
7o TW0D. [FAURME, A v 2RO Vkei &g e i 5 &, wikaemody

DIERRIINS KR D720, HFINb/hEL<RoTWD. 7220, SLAOEIEFEERDOESL
DHREL STV D., ZHIFTVA VT —ZBORELEZLN, L AR UEEETY,
e L TR LT 2 R IR K 0 KRG &2 A4 DAk O 7 RPN & <72 %
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—-PL178.9
1  -=PL200 Flow
T og | *PL2268 -
= | ©-TW1789
; 0.6 F O-TW200
8 A-TW226.8
0.4
0.2
0 "
352 416
(a) Re.=2
20
—-PL178.9 o
-=-PL200 ow
— 15 t
o -+-PL226.8 -
z ~<~-TW178.9
% 10 b ©-TW200
2 A-TW226.8
5
O r
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(b) Re;=20

Fig. 2.8 Variations of xy-sectional averaged drag force in z direction

0.8
--PL178.9

-=-PL200
0.6 -4-PL226.8

~-TW178.9
| 0-TW200

— 0.4

0.2

416

Fig. 2.9 Variation of xy-sectional averaged void fraction in z direction
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;3|

&

EBEZOLND. RePKEL 2D L, SEREGM TIXHUNINES IZ R E < 2p o7y, HERREH
T ERAO 1 SDBOE—7 1T 2 2BOE—7 BRI/ E S Ipo Tz, ke
TlE, &M FEOmIUI O T A v —IZBIT DMNOFBESL T A ¥ — FOAEDFE L
2T, Re M KREL 72D L 2D OFEBENEEIT/RY, & T T 2 BEGLE i
T EEICHART/NEL Rolo B2 B,

SHEIE AT AN T 5 xy i IR O 2% Fig. 2.10 12, xy 5 FEIHE D x i) o, z
5y @, DEAL% Figs. 2.1 & 212 1R T . T A Y —WNEBIZHAVZIRNDS, xy ) % 55
THEXTIHE=0, ME=0LLTEENTLEIDT, VA Y —KEEZRWTIHEE L
Tul(l-o)%, WEL LT ol(l-a), ol/l-a)ZzRD-. SHEEERE L7-4&ETT Vi x G, y
TR DX BNTHEEND T, x oy O & RE L TR L.

;5|

&

I

0.012
—--PL178.9
-=-P1.200
—-PL226.8
= 0.009 r _TW178.9
S -0-TW200
= A-TW226.8
= 0.006 X3
AA‘.!;‘Q
Aq‘ig
‘II))))))))))))))))))I \
0.003
352 384 416
z[-]
(a) Ret=2
0.12
--PL178.9
0.1 | ~=*PL200
— ’ —4-PL226.8
= 008 |OTWI789
x -0-TW200
T 006 2-TW226.8
0.04 ¢ \
0.02 -
352 384 416
z[-]
(b) Re, =20

Fig. 2.10 Variations of xy-sectional averaged velocity in z direction
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5L ZATHHEITIKT LTS, kST, I Re DREL D L, FLONEND
il EEIZB W THREME T LTS Z Enbnbd.

z AT DIEEIL, x D D &R TIEFITNS W, izl =r L F—Hik L L
TIEx oy, yTOBONKENINZ /2D EEBEZLND. x OTOMEIZKNT, ik,
i e blce B TREL, THTHhSL<RoTEY, RaeBPKREL 25 &, FrRTHER

BN T EER & FERDME DENFEIZ R > TV D, Ziud, keSO 2o
B & —Hd 5.

0.2
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Fig. 2.11 Variations of xy-sectional averaged vorticity (x-component) in z direction
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Fig. 2.12  Variations of xy-sectional averaged vorticity (z-component) in z direction

243 R&MEOEHBEEMEEXDOE
V3o b—va URERND, B OBUIMRE ColX Re B & RFEROBIIC /e 5 B %,

SRR RAVEVALi VS (3 BVt o DY

C, =k(l—¢)" Re, ™ 2.21)
fo pu’
y LI ( g) ( )

ZIT, elZMOERE, k om, mITERTHDS. (1-OIFWRN ST I3 D B Y
720 OEMONRERETHD (: FILR). EHOREESE, B, A vy afnbat
BENDEHEOERER-), HAARY - ORER a »DRD X HI125 %2, &0 Re
H Ren ZEFR LT,
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4d =417% (2.23)
a

Re, =P, (2.24)
7

LD ZERER, BAAREY 720 OFHEAEIX, Armour and Cannon (2 KV #258 S v7-4/ED
MATFTT VERNT, B, AvvafihbitEcss .

Figs. 2.13 & 2.14 |2, v =2 b—v a3 URER KV RO PREHE, #Siksfznzhoh
IMFEE & BDOIRFEE(1-¢), 48 Re 2% Rew DEMRZ/RT. kAW OV T, Eq. (2.21)
IZBNT m =2 D& EIT Col(l-€)* & Rem DEMRIT I ADHIHR LI my FENTEY, &
MOPLINRH A S DORFEL & Rem DN DIRTE SNLD Z & D3O BTz, HiREIL Rem

10000
A
— 1000 | "% me,
IS\ ne A
% e
= 100 t
(@)
S #PL178.9
10 | =PL200
APL226.8
1 1 1
0.1 1 10

Rem [']
Fig. 2.13 Relationship between drag coefficient, void fraction and Rem

for plain weave mesh (simulation)

10000
A
— 1000 | B0 oo
> 0O A
: 0o
= 100 F
=
© OTW178.9
10 ' oTW200
ATW226.8
1 Il 1
0.1 1 10
Rem [']

Fig. 2.14 Relationship between drag coefficient, volume fraction and Rem

for twilled weave mesh (simulation)
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MRELRDIZONT/IEL 7o TEY, Ren>3.5 IZBWTHIIMREOIK FIXEMIZ 72 -
7o, WEREHIZOWTY, m =2 D& EIT Co/(1-6)? & Ren DERIT 1 ADHhHR EIZ T 1 v
R 52 ENTE, PUMREIT Ren P KE L R DIZON IS Teode. Bl FERIC
Ren=35T&Y, Rewm> 35 IZBWVWTHIIREDE FITEMIC /o7, ZHODRERND,
PRS2 /NS T DI OBREEEZ /NS T25 (BEOERELZRELTD) 2k
&, &M Re 8 Rem Z RE L T2 (UMK, WEHSMCTHIUE, SMOHEAMEFEYETZY
DREERLEREL /NS TD) ZENAHDTHDLEFZD.

B ONT-HFIMEE L SRBOIKFER, Ren DERZITEIRTHRT L, KDL HIThD.
Tohik A

C, =1260(1-¢)*Re, *"",0.5< Re, <3.5 (2.25)

C, =867(1—&) Re,, " ,3.5< Re, <10 (2.26)
Tk 4=

Cp =1150(1—&)’ Re, " ,0.5< Re,, <3.5 (2.27)

C, =835(1-¢) Re, " ,3.5<Re, <10 (2.28)

Rem MR EL 725 EPUIMFEIIR T 523, TOREITEREHEO T NEE TH D HiC
Rem>3.528WT, W& : m=-0.629, #EMREHE : my=-0.696) . fEfkEMIIIAERERD
=7 %2 2R TEY (&, T, ReBAKEL 25 L4M EBICHATTHE
OFLIIPEKNNEL b Tmd & FE 2 Hid (Figs. 2.8 &£ 2.9). Eq. 21D kIZDWT,
Rem = 3.5 TIXFRkEMD S D3 gikeME L D KE <, Ren>35 TIHIT L A EENR D ST
1K Rem TITKIEN DMEALIZB X, U A ¥ —DLE (R OE) BHUICR S 8
HTEHEZZLNDN, FEHICONWTIISHROBETH .

WIZ, kkx 7o R Dkl D 72 [ maRERAE R D Eq. (2.22)% W THUIREZ R0,
ERADIRIESE, Rewm & DRE T2, FEBRIZHWIZ SO ANTNRE, A v ¥ 250X Table
25 DY THDH. Table 2.5 121%, HERE dw, BRI d, MEA YV 2 8in,, A v 2K
ns DIERIR B L7z, Table 2.6 (2%, FHHBE o, BALRE ME tm, Z2EM=HRe, HAL
RS-0 ORI o, SANRERS 4d. 2R Uiz, SEHAW-ERITHERR, FEROAFR
MENRFE LT THY, fEHm, BHROAHA Yy v aBbRL (ENEMHEE) Thow,
EHORERSITMELIZE A LR CIZ/>7-. Figs. 2.15 & 2.16 (2, EBRFERLVEDS
TR, R OTRE & S OBFEE(-¢), Rem DRAKRAETRT. v Ial—T =
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Table 2.5 Woven mesh specifications for experiments

Wire  Number of Measurement
Sample Weave .
diameter  meshes dw ds w ns
No. type . -1 . -1 .-l
[mm] [in ] [mm] [mm] [in” ] [in ]
1 Plain 0.1 100 0.094 0.100 99.8 100
2 Plain 0.06 150 0.058 0.060 151 151
3 Plain 0.05 200 0.047 0.051 200 200
4 Plain 0.12 100 0.108 0.117 99.6 100
5 Plain 0.053 200 0.051 0.050 200 201
6 Twilled 0.04 300 0.039 0.038 301 300
7 Twilled 0.03 400 0.030 0.031 399 405
8 Twilled  0.025 500 0.025 0.025 503 483
9 Twilled 0.12 100 0.116 0.118 100 102
10 Twilled  0.053 200 0.053 0.053 200 199
Table 2.6 Calculated woven mesh properties in experiments
Sample 0 ¢ tm & a 4d .
No.  [mm]  [-] [m] ] [m’/m’] [m]
1 0.157 0381 1.94x10% 0678 133x10* 9.71x107
2 0.109 0422 1.18x10% 0.708 1.98x10* 5.90x10°
3 0.0779 0377 980x10° 0.674 265%x10* 4.91x10°
4 0.142 0310 225%x10% 0619 135x10° 1.13x10™
5 0.0761 0361 1.01x10% 0.663 267X10° 5.05X107
6 0.0460 0296 770x10* 0.624 390x10* 3.85%X107
7 0.0327 0268 6.10x10° 0.600 524X10° 3.05X10°
8 0.0266 0265 500x10° 0.598 6.43%x10* 2.50x10°
9 0.134 0286 234x10% 0.616 131x10* 1.17x10"
10 0.0744 0341 1.06x10* 0.660 257x10* 530x10°

UHER L EIRE, mi =2 DL EIZ Col(1-6)> & Rem DEFRIT 1 KD TR Z ENTE .

PUIRRE L & DOIRTER, Remn DEIR LR TR T L, RO LD ITRD.

kA

C, =1170(1- &)’ Re, ***,0.5< Re, <3.5

C, =634(1—g)’ Re, " ,3.5< Re_ <40

C, =1070(1— &)’ Re,, " ,0.5< Re, <3.5

C, =644(1-¢)* Re, " ,3.5< Re, <40

-26.

(2.29)

(2.30)

2.31)

(2.32)



IB-LBM ¥ =2 L—3 3 L% &S < e o = IHER O E

10000
— 1000 | ‘ag
¥ oo | ¢No-1 Xv%‘\
= ENo. 2
© No. 3
10 oNo.4
XNo. 5
1 1 1
0.1 1 10 100

Rem [']
Fig. 2.15 Relationship between drag coefficient, volume fraction and Rem

for plain weave mesh (experiment)

10000
— 1000
)
= 100 F '3
S 8

10T 65No. 9

+No. 10
1 1 1
0.1 1 10 100

Rem [']
Fig. 2.16 Relationship between drag coefficient, volume fraction and Rem

for twilled weave mesh (experiment)

EBRHREIVELNT b m, miiyIalb—a v ERMUEEATHST, ¥ alb—
Ta v OFPRERLY bPMBRERKREL ol ZhUE, vYIalb—rva r EFERICE
T AEHEONEIBROBENNZL DD EEZLND. Y ab— 3y TIHKEOMAEE
N2 DA B DO TH 2 DITK L, FEEOSRIZMENVE LN DR > TND.
LEXY, Eq.(2.22)& FEBR1BELNIZHUIREL Egs. (2.29)(2.32) 8 FEHRI 72 -4k, w6k
SHEOETHEHEREA LS 2 5.
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25 HEE

SHAORAFREME (k0 77, B8, A v a8 PIREESUC I T ELTRDL70
2, BTN = o ih & HDIAREE UL 2 A G D ke E 2 1 3 5 SR O Fr i 24 8
V32l —varEEELE VIal—raUERNS, FUABE THIUIHRE
ELRDIZEEHMOBERIIREL Y, EHEOTITbRELRD T ERbroTtz. Kk
ERERE T, RSO S PERERNRE S, FINEIRELS o7, 2L, (KEEOE
U BIZHDOZETIREN T, TV A Y —RBogBLE2LND. £, HEke
DEFERITIEA TN 2 2O —7 ZFfb, FHIE Re BIZBWT 2 DHOE—7 (44
T IZBF 0L 1 SHOE =2 (&M L) ISR TL2H LD bhEL< otz
VIEXY, @&t /883 ORRER & 4/ Re 2 Ren NHIRETE D LHEZ,
JENBRHER AR Le. e, BieMoE R IERRZ 26 o TEH
T5E, ZREN | RO Lo ey s, ERIHEEXO SR GRS 7.
ARG, AT aERTBT DMEEMEAM ORRGE, BARICHLE L 7 D EHEKE AR
MOEREEICTHT LN TED.
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Nomenclature
a = surface area of woven mesh per unit volume [m?/m?]
A = permeation area in simulation [-]
c = characteristic velocity of ideal particles [-]
Ci = advection velocity of ideal particles [-]
Cs = sonic velocity [-]
d = wire diameter [mm]
d. = characteristic length of woven mesh [m]
E; = weight coefficient [-]
Fex = external force vector [-]
fp = drag force [-]
g = distribution function of ideal particles [-]
g® = equilibrium distribution function [-]
k = constant [-]
mi = constant [-]
my = constant [-]
n = number of apertures per inch [in]
nt = number of lattices [-]
p = wire pitch in simulation or experiment [-] or [mm]
P = pressure [-]
AP = pressure drop across woven mesh [Pa]
Re.;, =Reynolds number of cylinder [-]
Ren, = Reynolds number of woven mesh [-]
Re: = tentative Reynolds number [-]
t = time []
tm = thickness of woven mesh [m]
At = time step [-] or [s]
u = fluid velocity vector [-]
U = solid velocity vector [-]
u = flow velocity [-]
Uo = flow velocity at outlet in simulation [-]

-29.
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Ur = flow velocity at outlet in experiment [m/s]

X = position vector of lattice point [-]

z = z position [-]

a = volume fraction of woven mesh [-]

0 = aperture size [mm]

A = grid step [-] or [m]

e = porosity of woven mesh [-]

¢ = open area ratio of woven mesh [-]

s = fluid viscosity [Pas]

1 = fluid kinematic viscosity [-] or [m%/s]

p = density of ideal particles [-]

Po = density of ideal particles at inlet [-]

pr = fluid density [kg/m’]

T = single time relaxation parameter [-]

) = vorticity [-]
<Subscript>

cy  =cylinder

i = advection direction of ideal particles

r = physical amount

s = weft

w = warp

wire = wire

X = x direction
y =y direction
z =z direction

-30.
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HBI3IE WEBEEZZEL-EREEOREK
BHio#E

3.1 #E

BRI T A Y —OBENEL, MMENNSREREEZIELI LN TE BN
AMTHD. LIl b, BfEMIIMORMRY FIZH~T, Al SERET AT
MOHEEIZED D EBENEL 2D, LERS> CHIE THRARZEY, A7t 20%
FHC DT> TEDEIBRREEREEICHER TREIC L, TEXHET/INIWENHEK LD X
DN B AR AN DM IE 2 E LRI e B 720,

Z T, AIEOVHE, BMeMEOLA LR UL, FEE BEREEOMEEIZHS
DT D721, B T)F (CFD) & X DA 257, 7=, FEREED
8 H A& 12 B L Cld Yamamoto ef al |2 X U FE 72 &2 BT VDN EINTWE N D, §E
BTl VEMREAEECTH DD, +aICEfR S TWRY. LEER- T, £ T
IEEHeMOEEMEDRMNFET VEBZEL, BREHAELLZEL L. 5501,
INHRMFET ANOAER Lo BikeE 2 @iEd 2 A0 FRER I —va v
I XV BfEHEOME B REED IR RIETTHEEZRRL 2 LT, BT
ZARERBR Y /NS T OMEEE RO D Z LN TE D IENBERHER A EH L.

-
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32 HEBAEWOBEE#HERRDEH

R 72 B R, RS OILR G B % Fig. 3.0 IR T, FEMRSHEIT, HoR s
FERRAY 1 R OZZHIZR DY, O EET 2 L9 ICWAIHEETH Y, EaEikae
I, B &R Z 2 RULET SR BZ TRV, DO BEET 2 K 5 120 A TR
ThD. 1Z&ALEDEEBMEMN 2 ARKTORVPEX TR EELZ LTS, 22
THEDOREELZ D M2 .

BRI DRI @i rRE/e EM Th HM B I, HERR-RRRE (LSS 1 EEH) &
RRAR-HEER-RRRT (DLRRZE 2 M H) ICBk S D 2 FiJE2 H 2. Yamamoto et al. |3 & k4
MO FET NVAIERL, 1B IO 2 ME 2 il rTRe R R RERIPRL FORE S &%
NZENOHRBE (1 HFE oa, 2 AE da) &L, NEWFHERERRAE S & L
7oV R EREEOMEBIX, 1) B L1 SBH L1 TR SN DR A OZEM, 2) Bi#k L1,
R L2, MEFR L3 TS N D =M OZEM, 3) Mt L4, BB L2, BEHR L3 TR S
DA OERO 3 FEOMA NS SH. ZNHEH 1, 2BLOHIMELL, FHE%
I AEER I REKERLFORE S 2 ZNENDOHAE & L.

(a) Plain Dutch weave mesh (b) Twilled Dutch weave mesh

Fig. 3.1 Apertures of plain Dutch weave and twilled Dutch weave meshes

3210 F1MMEOHBREX
FIMFEEIZBWT, ML E LINIEIHAE Y FTETIZWA TS, ZOMRBEOE v F
Ds 6i4{§i7\%§<@7{ b4 =2 ns 75)%7

254
= X
n

S

TERIND. BRPHELZHERF LI EERVIAEND LT DL, BIRROE Y FIIRGHREE &
UL DD, FERRITIIBHRR LM L T D & ZATHOT IR NENL D 72D, B

Ds 2 (3.1)
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MBEX VNS RDZEnE . —J5, BURNERL 72 & 2 ATITREN MR ST
HETDHE, BIRLL & LI'OMOZEMZ@iET 5 Z &N TE DI KORL 28 dar 1T

5A1 :zps _d (32)

S

Eh. TR R ERIMEOBRET E L.

322 FoMHOHBHE
HERR L4 205 LS 12T T, AR L1, L2 oI TES N A E 218 T& 2R XK BT
R&EL 2D, HfE LI, L3 O TELNLMAE 2l T&E DR FORE IIE, HiTihx il
IWNEL D, FTT, ENEFNOMA 2B T DR ORE ENEL L RDIFOR &%
2HEOBEBAE da & LT,
%2%5@%%%%@?%K%ﬁﬁékwmlﬁazwibmﬁﬁLLLLL3@%b
%%AZLAEM%L4Iﬁ@¢@ﬁh,h%ﬁ%bt HDRMTERRE L, L, b, LD
e RITENEN L, LORE LR, FLEETICRE L. @MOELGMEZ y Fin L
L, ZTHEMREIIRDD xz HITBWTRER L2 OEIT M % 2z Him, T mEICRDD
FmzxFmedoE, L, L LOWREEROBIEIIIRO X SRR TE 5.
;lz(pscosé?t,ds+dw,0)
(2p,cosb,,d . +d ,p, secO — p.sinb,)
—(O d,+d, p,sin6)
(0,0, p,, secb, + p,sind,)
E = (p, c0s6,,0,0)
l’jﬂ:(pscosé?t,aiS +d,,p,sect)
ZIT, dy lIHERROREE, po (THEROE v F, 00F xz 0T L OIEFE z SO 72T, 6,
XyzETzHhe LORTATHS.

6, =tan™' [ps_/zJ
Py
0, =tan”' d.xd,
’ p., sec,

WE, (E 2 ([T DEKIPRLT jORL 7R S ) DB L1 L TV DH T 5 &, R FDHl(x,
y,z) & FLER I & ORRIZROFEH O A TEZ B 5.

oo
Il

(3.3)

!
[l

34

2 2
(X—XG) - + (y_yG) =1 (35)
(d,/2+6,,/2) sec’26, (d2+5,,/2f
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(a) Perspective view

AlC G L B F
H L ly
2 .
N !
LT SN — I
M :
E /z

N

(c) yz plane view
Fig. 3.2  Geometrical model for calculating aperture size in area 2

of twilled Dutch weave mesh

22T, FHOFL G, v, )i L EDOSETHDDT, G=A+kgABN 5,

X :ps(lJrkG)cosHt (3.6)

-36-



e B A IS 2 2 58 L 7o Bkl O TR AR RO HER

=d +d, (3.7)

TV, ®2zICBTD keld, RATHEZLND.

ke, = Z (3.8)
, secl — p sinf,

0)7&%] DR L2 E L TWD LT 5 & ki FOHN(x, y, z) & LR L & OBIFRIZIK
OFEHO R TEZbND.

(x XH)Z (y_yH)2

= (3.9)
(@./2+65,/2f (ds/2+§j,z/2)2560295
&M O H 0 Hiem, yi, 2)1E, H=C+ky-CDD S,
x, =0 (3.10)
=(d +d, N1-k,) (3.11)
K, = 2P0 3.12)
p,, seco,

L7205, Egs. 3.5E3B.900 0, L1 & L2 WA ICHET Dk OHLEE x &y OBfRIX Eq.
B13) &Y, ZDOL XDR 11 6,1X Eq. B.14) L 72 5.

2
Xg \/sz - (1 —sec’ 20, {sz +sec’ 2@{(}7 Vs )2 - (y_ng)H
sec” 6,

1-sec” 26,

X =

(3.13)

2
5, =—d, +2\/M (y—y, } (3.14)
sec” 260

L7238 AR 2 IO TR L & L2 O 2 181l T & 2 ERIEKL 1 j O Kb 213,
Egs. 3.13) & BN DI/ 72D 6, 2 RODHZETHLND. HENMEHETH L2
Z Iy FEEENELY 5 D AP OBUE A BIRAANT H Z LIZ XV END 5, B RDIz. T
Db, RTOFDEEIIDR EH yIZONTOND di+dy DI H D720, Z OfE A
y AT 10000 53EIL, & y BEEEICBIT S 6, 23 E L. Boici/ho 6,%, &5 2

BT HHEMRLL & L2 O] Z il T & 2 RO 72 Somx & T 5.

[FREIC U C AL 2 ISR W TR LT & L3 O % @i T & D i K OB 1R 013 max 23K D,
MR L4 & LS OXT, z FFHIHRTT D Simx & Oismax DEALZE RO D L Fig. 3.3 DL 91T
725, Siamx & S13max DR 2MAH DO HBHE da £ 72 5.
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512,max’ 513,max [mm]

0 0.1 0.2
z [mm]

Fig. 3.3 Typical variations in d12,max and 013 max in z direction

323 FEIWHOBME

fERE L4, MR L2, L3 TSN D ZEM TELN L5 3 M H 1T FEMEMICH Ao s
HLOTHY Y, ZOZEMEZBEETE DRRKOKRER 4252 5. £7, dAHEEESICTH
7o, Fig. 32 1B T2FEM 0 ZBEIED. y HICHE LI ED LE LORRIL,

(y,2)= [ds Zdw -[1+&sin(2¢9t)} Pu 52 et;ps sin 9*} (3.15)
P

LD ZIZT, (pdpw)sinO)IIHEE LIEFIT/ NS VME L b7, ZHERD X D ITE
Pt s.

d,+d sec@, + p,sin 6,

(y,z):( +d, Py p j

b

2 2
JRiA O D y AR, z JEfE% Z D Eq. 3.16) THELENT L & LORRIZBE L, DO\ Tx
FF N (dy/2)cosl BB &8 % (Fig. 3.4). Fig. 3.4 (2B W TC, B L2 & L3 12T D ERIBRI T
WE/NE D L&, ZORTFOFLNEx=0, y=0ITfETH. 51T, Z DR FHHER
LA ST D L &, KiTR%E das & T 5 LRI 1O P ERE T

0,0,— Py =dy =0 secd (3.17)
2 t

L70%. ZoO&E, R O UL L bR L OBIFRI Bq. GO O SR TE 2 5
I, BLFRE oaslT Eq. B 19 HRO LS.

(3.16)

(O+ (ps /Z)COS o, )2 (0— {(pw -d, —5A3)/2}sec491 tan &, )2
(d,/2+6,/2) " (d,/2+6,,/2) sec? 6,

=1 (3.18)
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X

B
[ >
A(E) F
14 O z
c L

h

(a) xz plane view

(b) yz plane view
Fig. 3.4  Geometrical model for calculating aperture size in area 3

of twilled Dutch weave mesh

-B-+B’-AC
A
A =sec’ O, tan” O, —sec’ b, (3.19)
B=(d, - p,)sec’ 6, tan’ 6, —d_ sec’ 6,
C=(p,—d,) sec’ 0, tan” 6, + (pS2 cos’ 0, — afsz)sec2 0,

5A3 =

ZDom, FIMEBOHME LS.

324 RFHBEZX
ABITHBNTIE, BRX LY KXW RS EEZ R X PIcM ks, 22 C0E 1
MWENOEIMEAOHT TRL/NIWVHBEEZRERHE 6w &7 5.
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3.3 WEHEEFEEH I 21— gV

AEFE vIalb—ral R, AESEMFEIE2ELFAETHS (Fig 2.1, Table 2.1).
VI ab—va VRNOERESHEIE, x FIHERD 4 KAD LIl (e v F pu=
n/4), z=3n /4 \ZHEOF LN D X DITERE LTz, MAUIE EMICHERE v T po 21X
RESL LTV A I NVAEL Re & HOFGE Up i X > THIFEIL 7=

U..
Re =20 Pw (3.20)
1%

T, vIZERETHD.

V3ial—va lHWEEBEMOET VY, 2 EEEBRICKEOME & EW M
FEOMAE DR (Fig. 2.2) X VIER LT-. {ER L7 FERkeME, SERemots Vi
Fig. 3.5 (2”7,

(a) Plain Dutch weave mesh (b) Twilled Dutch weave mesh

Fig. 3.5 Dutch weave mesh models in simulation

3.4 EBRFIE

34.1 BB EHEER

FE B RkaAE O H B E HERVE D24 M 2 i3 5 72 912, Rideal and Storey (2 & > TIRRE X
A7 Challenge test i 2?28 H L7-. ZOWEFXHEMOENT 2 ET H7-DICHEHO
Whitehouse Scientific #EIZKHH L, #EMEAMED 50% 5 BERL 728, 97%5y Btk 1128 2 & L
7. Rideal and Storey O7 A "MED H 5, dry (ETITIERL LTZEKIE T 7 A ©— X & #E Bk
Maety FLIEEESDWICEIDSDW T T2 ThOy RS FMERMELE. 20
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FETELNIZ Dy bARA 2 M 97% 5B 7 L K< —HT D &9 Z ENFERIIC
HHITWD. wet IETITBERICELY L DS G TfmERKET I AL —XA AT U —
EFEZEAMWMTH T LT L0 BRSO 50%5BERL T8, 97%5 Bk TR %2 HIE L=,

342 ZERFHRAR

%2 W E[H U<, Fig 2.4 |[OR LIz 2SR BRI 2 O TR ME: A7 v LX)
DIESERAWE LIz, Table 3.1 [IZEREMEA R Uiz, £z, BMRSMONGRE d, B
Bd, fitA >y aBny, WA Y2 Bin 2B (=28 V-12B) % HVT 10 EETH|
EL, TNENDOVEEEZRDT-.

Table 3.1 Experimental conditions

Fluid Air
Temperature ['C] 20
Density, p ¢ [kg/m3] 1.21
Viscosity, w¢[Pa*s] 18.1x10°
Velocity, U [m/s] 0.0833-0.833
Permeation area [mz] 1.00x10”

35 FMERBIUEBLE

351 EEHKeHEOBREHEREEOZYM

T iE O H B S HERAS IR & BB S MIE R R 2 ik U, BB S HERIEO Y %
FRAE L7, BRAEIC 2R Bk A8 O K5 2 Table 3.2 12779, Table 3.2 (20, & L 7=t
PREE dw, BIRES ds, MEA v ¥ 2fin, BEA v v a2 BinOFEELRL, ZbDfEE
WTHEER MO BB & ko7

H B & HERAE I & SEBRRE L% Table 3.3 (2”9, #ER BBH X 1X 50% 0 BER 722 & K< —
], RHERFEOZLEENHEGR ST, —J7, HERREIIT 97% BRI T2 L 0 H/h S0
iz R Uiz, FEEOMEMRSHRITRESCA v 2 BOIE 52X BHE S MEHA LT
WBD, FETIZZENOICEHEE VTN D20, 50% 5Bk FEICEVEZ R L- &
BEzbhb.
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Table 3.2 Twilled Dutch weave mesh specifications for experiments

Wire diameter Number of meshes Measurement
Sample Weave . .
No type warp weft warp dir. weftdir.| d ds Nw ns
' [mm] [mm] [in'] [in"] | [mm] [mm] [in] [in"]

TD-1 Twilled Dutch 0.15 0.12 32 450 0.143 0.119 32.0 421
TD-2 Twilled Dutch 0.08  0.055 120 1000 | 0.078 0.052 120 902
TD-3 Twilled Dutch 0.07  0.04 165 1400 | 0.068 0.038 167 1331
TD-4 Twilled Dutch 0.038  0.025 325 2300 | 0.035 0.024 326 2040
TD-5 Twilled Dutch 0.025 0.015 508 3600 | 0.025 0.014 504 3613

Table 3.3 Comparison of calculated aperture sizes with challenge test results

for twilled Dutch weave meshes

Calculated aperture size Challenge test
Sample Dry method Wet method
No. O Al o o3 0 sub Cut point D s Doy
[um] [um] [um] [um] [um] [um] [um]
TD-1 123 58.4 933 584 75 - -
TD-2 60.6 29.9 26.9 26.9 30 23.0 29.7
TD-3 38.3 23.3 16.2 16.2 19 16.6 20.6
TD-4 25.8 11.8 8.34 8.34 - 8.5 9.9
TD-5 14.1 8.21 4.81 4.81 - 4.7 6.0

No value: outside the applicable range of the test

352 VIal— g DEENE

B R EERRE R LY I 2 =Y a VR T A Z LICkY, Y2
— 3  OIFFEMEZRGE L 7o AR O 72431813 Table 3.4 D8 Y T 5. Table 3.4 121,
RERIZ W= SO IR dw, BRES d, A v > afing, BA Y Va2 tin bRL
7-.

Table 3.4 Dutch weave mesh specifications for simulation and experiment

Weave Wire diameter Number of meshes|  Measurement (Experiment)
type warp  weft warp 1clir. weft 1dir. dw ds nVZ n 5
[mm] [mm] [in] [in] |[mm] [mm] [in] [in ]
PD97.7 Plain Dutch  0.38 0.26 24 97.7 | 0359 0.239 239 109
TD923.6 Twilled Dutch 0.08  0.055 120 923.6 | 0.078 0.052 120 902
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YIal—va VREREVBONEEBORING, KO THAREE RO,

c, =2l (3.21)
pU, 4
ZIT, ColdHIMRHE, fol3&MDbi 7, A XK ERERE THD. Hil fo X Eq. (2.12)
FokdEND. EFRFERENSE, RUEHOCTHIREERD -,

_ 2AP
pr2

Cy (3.22)
ZIT, APIFESEEATH S.

B HNI-HRE L Re 2K Ret DR % Fig. 3.6 I[Z/~" 3. Fig. 3.6 225, FEREEHE, #E
e bz I 2 b—ra UREREEFRIRNP L —HLTRY, AvIalb—var
FIZYLEEXD. PEBEMECIONT, Va2 lb—v g VR L EBRERO TR
BRDLRELRoTWD., 2T, ERICHWEZEHEMOREA v ¥ 2R I 2 L—
arTERLEETLVEDBRENVEDTHD. V2 b— a3 U THRE LB
DHERF S, BRI T A Y —D03EFN S5 28, EEIFRRITD LI 7225720, #5
BIZ OSSNV T 5720, HABMREI LY bEEE > TSI 03 H 5. ZOERBE TR
2=y a CEETDHILIFELVD, SRO LS ICHEET VEEET VOERT,
FEA » o 2 B0 D2 L LTEND T2, AT EREREICbene B2 ohb.

10000
A
oa
1000 | twnb‘
i o o)
o)
© ®PD97.7 Exp. O e
100 I oPD97.7 Sim. O T 00y
ATD923.6 Exp.
OTD923.6 Sim
10 '
1 10 100
Re, [-]

Fig. 3.6 Comparison of simulation and experimental results for drag coefficient, Cp
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353 EffkeMoiE B EENREEIICRIETE

VI ab—va UMW THE BRBEN I REUS X E TR A G~ 7-. Table 3.5 233
2 b—va SNIHWEEBREOMAER L B X 287, FEBEMEIZ OV TiE Yamamoto
et al D ARAEFHENA VR, BEMEMEICOVWTITREL-EHESHESLZHVWT, 22
ILOREY FIZOWTIE U B & TS, Ay afiihiies Loz, Bfkemz Huo
7o AT EEZRIE Re BLTITHON D728, Re=5 Ty Ialb—ra U EFEELT.

Figs. 3.7 & 3.8 |2 V&, EEMRESMEOWMNOT 277, WIKIXTY A Y —IZ X0 iin

Table 3.5 Dutch weave mesh specifications for simulations

Wire diameter ~ Number of meshes Aperture size
Weave . .
type warp weft Wag)_ 1dlr. we.ft_;hr. O Al Y 0 A3
mm]  [mm]  [in"]  [in"]  [um] [pm] [um)]
PD70.6 Plain Dutch 0.38 0.36 24 .4 70.6 360 151
PD97.7 Plain Dutch 0.38 0.26 24 97.7 260 151
PD158.8  Plain Dutch 0.38 0.16 24.2 158.8 160 151
TD725.7 Twilled Dutch  0.08 0.07 116.7 725.7 70.0 26.1 24.5
TD923.6 Twilled Dutch  0.08 0.055 120 923.6 55.0 27.7 24.5
TD1270 Twilled Dutch  0.08 0.04 124 1270 40.0 29.2 24.5

B o
dlq..p..o'

(a) Drag force (b) Streamlines
) | . |
Dragforce [-: 000" 0.001  0.003 0004 0005  0.007

Streamline velocity [-: 600" 001 003 004 005  0.07

Fig. 3.7 Flow state around a plain Dutch weave mesh (PD97.7, Re; = 5)
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(a) Drag force (b) Streamlines

Dragforce[-]: 9000 0.003 0.006 0009 0.012  0.015

Streamline velocity [-: 60" 002 004 006 008  0.10

Fig. 3.8 Flow state around a twilled Dutch weave mesh (TD923.6, Re; = 5)

B SN N DN AEE ZFBRL TV D, EEMAE CIXTRMETEWILIZ R L,
B EHE TITRRIZT TR ZORIZE THHAREL 2o T, EEfeMEOME X
225% Y (Fig. 3.1(a)?® Area 1 OFE[H AR E & Area2 OWHEBHBH &), ALt Areal — 2 —
1 (&M 285, —F, BEMEHOMBEIZ3 2H Y (Fig. 3.1(b)D Area 1 DFK ik H
BA& & Area2, 3 OWNEIHBIX), WidUd Areal -2 -3 —2— 1 i, FEMASME, &
Bk BICNEEBEZ O L ZATREMOII D REL R TND Z LR DND.
Figs. 3.9 & 3.10 |2, “FEMEH, #EMKSHEEZNZNOSMEL T MIKTT 5 xy 2
PO EZRT. WA OBIERR L, FE&eITe@ER T mohkte—2 %
ALTEY, BEHEMEIeETRE ZORIZE T3 2O —7 Z2/RL TS, BfdfEoD
RREBELEEZF~2D & (Figs. 3.11 & 3.12), HUIBRELS D L A LEBBREO L — 2 HR—
BHLTHY, &MONHHERE ZMENERT 2 L&, KEELRERDHTEOHINK
ELl o TNDHZ EnbroTe. WEHB Z IXEMEMOIEE I’ E D Chi -3 fit S
HAEEMENH D) EZATHZONDTZD, TAY—DEIIR-oTEY, KERENPKEL
Rol-tE2bND. 3 EHEOVEEMEMEDT I 2L —a URERICBWT, SEROE
— 7 DEIV LI OE—T DEDFPRKE L o TS, FLIOHAAORIINT G [A
CLBWTHDEDIZH L, BEEONMOMEITIR > TEY, ZOEREENMHORENKE
Wi, MBI BICRELS o tEx DD,
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40

--PD70.6
| -=-PD97.7
-4-PD158.8

30

JoX10*[-]

352 384 416

Fig. 3.9 Variation of xy-sectional averaged drag force in z direction

for plain Dutch weave mesh

40
--TD725.7

| -=-TD923.6
-+-TD1270

352 384 416

Fig. 3.10 Variation of xy-sectional averaged drag force in z direction

for twilled Dutch weave mesh

1
—--PD70.6

0.8 r -=PD97.7
-4-PD158.8

— 0.6

1
—_

S
0.4

352 384 416

Fig. 3.11 Variation of xy-sectional averaged volume fraction in z direction

for plain Dutch weave mesh
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—-TD725.7
0.8 -=TD923.6
—-4-TD1270

352 384 416

Fig. 3.12 Variation of xy-sectional averaged volume fraction in z direction

for twilled Dutch weave mesh

—75, 3 FHEOMEMEMDO L I 2 L—> g URERTIE, U000 O & SRR D
FINWTHHERBETH LI 05T, &P ROP)E— 7 OZ2TEeHE P RO KR
RE—rDEIV B RELS ot ZRNEFNDOHRNOKEF &2 8BIZT 5 & (Fig. 3.13), Tk
DFSIPRKENEE, FRTOMBENEL Lo TWNDEZ ENbND. Tk EEMIZTEM
THOI, EEESEO B EHRIEZISH LT, F2ME 0B 2B 2070
LR (2, Yoo Zp2) & 5 3 REE O B BE& 230 DRI O L (s, yps, 2p3) DT
MR A PR CTORBES [, & LT, RSB ORUNE g 23R L.

lq = \/(xp,Z X3 + (yp,Z - yp,3)z + (Zp,z - Zp,3)z (3.23)

(3.24)

(a) TD725.7 (b) TD923.6 (c) TD1270

Fig. 3.13 Flow state inside twilled weave mesh (Re; = 5)
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2 M8 H D HB X 2@ DR OB 2 SfFET 52 (Fig. 3.1(b)IZF T L1-L2
Mz @3 2R & L1-L3 2@l ki), 5 3 M E I ORF-0 LR AR 25
MAL7. SR L7 UNE ¢ & Fig 313 IZffit L7z, #H5R Licha U3 a/k e g
OHLHE—27 OF#EEMBEEFRi> TE Y, #% Lzh UNSISEEk e o Ry 2 13l
THDIZAEHTHDLZ ERbhroT-.

354 BRESHOEHBREROEH

VR a b= VR O BRSNS e B IS X0 BMERRES 2T L TV D
ZERDMNY, BEHEOIENHEIHERNX L LT, [FU < EHERIEE 2R OR0 7888 O
TR A2 & L 72 Kozeny-Carman = YD 5 27l A 72

Eq. (3.25)IZME N Ok & & 18I DBAtR % 3 L 7= Hagen-Poiseuille DX TH 5.

d,’
Uf:ﬂ. 4P (3.25)
32 /qupipe
T T, doipe lEMEL, Lype FEESITHD. Z BN ET O E & LT Eq. (3.26)

%, FER dype DOV IZERASHOBNK Y 4m & L TEq. 327)%, BEE Lyp lTHE
IR B HEREL,
Uf

Uy, =—~ (3.26)
&

am=4.% (3.27)
a

T DTIRICET 537 A =2 Th D Kozeny EH k ZHBANT L &, EfeMOEIHEEK
HHADGOND.

ka®ut,, U
AP = —= —~ (3.28)
& &
22T, el ZEMEMOZERE, a IFHEMAFEL7-V OFXRmEFETH Y, Armour and Cannon
WLV IRBEINT-EMOKMFET IV Y HNT, B, Ay v aBhbetETES. &
Bz, BEfEMO Re B Ree ZIRD X HIZEFEL,
Ref — Pr (Uf /g)4m — 4prf (3_29)
My Hea

Eq. G28) 2R LT 5 LIRD L H 12/ 5.

APg?

=——— = fRe," (3.30)
4p. Ut a
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22T, fIRERGHE SN EREEOEBTIEAETH D,

R LR HER RO Y ZREET 572012, Rz et o Bk 0 22505 R
B A I L7, BRI ORI Table 3.6, #EE#k4MEOIIERIL Table 3.2 D@ Y Th
%. Table 3.7 \ZIFFHR LV ROTME tm, ZEBRFE ¢, HAAREY 720 OFK A o, K
Bam &R LT,

J

Table 3.6 Plain Dutch weave mesh specifications for experiments

Wire diameter Number of meshes Measurement
Sample Weave . .
No. fype warp  weft wa'rp_ 1d]r. we'ft_ fhr. dw ds n“f .n 5
[mm] [mm] [in] [in] | [mm] [mm] [in] [in ]
PD-1  Plain Dutch 0.6 0.42 12 64 0.559 0410 12.0 66.7
PD-2  Plain Dutch  0.38 0.26 24 110 0.359 0.239 239 109
PD-3  Plain Dutch  0.23 0.18 30 150 0211 0.169 299 154
PD-4  Plain Dutch  0.18 0.14 40 200 0.163 0.133 40.3 197
PD-5 Plain Dutch  0.14 0.11 50 250 0.130 0.099 50.1 247

Table 3.7 Dutch weave mesh properties calculated from experimental results

Sample tm g a dm
No. [m] [-] [m’/m’] [m]
PD-1  138x10° 0639  330x10° 7.75%x10™
PD-2  837x10* 0.623  568x10° 4.38%x10"
PD-3  549x10* 0654  783x10° 3.34x10"
PD-4  429x10* 0.645  1.02x10° 2.52%x10"
PD-5  328x10* 0670  126x10* 2.13x10"
TD-1  381x10* 0451  182x10" 9.93%x10°
TD-2  181xX10* 0430  4.10%X10° 4.19%10”
TD-3 144X 10“5‘ 0376 580X 10:‘1 259107

TD-4 8.29 X 10 0.361 9.90X 10 1.46%X107
TD-5  526X10° 0350  164%X10°  857X10°

Figs. 3.14 & 3.15(2, EBRFER)D Eq. (3.30) & » TSRO - FEMRAN, EEHkemmt
NEND f & R DEMRZTRY. [ & Ree DFARZ W IE T 0y b LTz & &, FEMEMNIE
Rer = 15T, #EEMGMIL Rer = 7 CHEHMEZTRL, TOBEEINBLE1EZRLTNDL D
D, BELEENEEAMREADNIND Re#PFANTR Y TH S Z EB¥bhotz. TE
AR T Rer> 15, MEMESHEIZIB VT Rer> 712702 LINNEITE 2D, $BEL
AROBEERKEIZ/ D, Gz 58 L2 R AHERE I L QS % ofETH 5
28, BRR U720 B2 L7 A0 Re BNV Z EMIFEAETHDLOT, #
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_ *PD-1 L N

< 1| mpD2 ﬁﬁﬁh
PD-3

®PD-4 200

XPD-5
0.1 .
1 10 100

Reg [-]
Fig. 3.14 Relationship between Rer and f for plain Dutch weave mesh

100
*TD-1
X mTD-2
10 | x TD-3
_ e
™ >%§~“~’ ® TD-4
<
X TD-5
1 F \
0.1 | '
0.1 1 10 100

Re[-]
Fig. 3.15 Relationship between Rer and f for twilled Dutch weave mesh

ZLERFIAMRABOBRFHIBWTHEHATH L. BELERNS, [ URESFICB Y

TEMEMOTENRLE/NESL T DI, Rz KEL T 5, T70b b ERMARE O HEAL AR
oY OFRMMa 2/ S<THILER, ERFEe 2 RE<TD, #HEmE/hE<T52L
WENTHDHEEZXD.

TERRSRIZBT D f & ReeDERITIZE A E—AROIMBTE T Z LN TX, Kozeny &
BT TPEBEEOFHEIC L > TREL EDLRWVWEB X BND. —J, HERESHEICRT
% f & Re DBIRIZEMDHARIZ L > THERZR DR AR L, Kozeny EED Bk D FF
PIC Ko TRRDZENDbMhoTlz. V2 2 b— g VRIS TREERRASHENE O BT 72
U L > THIREREFLA B> T2 Z £ b, Kozeny EEUL Z DR UNEE R &
% EEZ, Eq B2 %Mo TRBRICHWEEHREMOR UNFELFHE LZ. Fig. 3.16 |2
AR LR UK LR B B O Kozeny EHOBBRE RT. RUNEBEL 2 DHIE
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8
6_
*
_ *
:4 I /
*»
2_
0 1 1 1
1 1.5 2 2.5 3

Fig. 3.16 Relationship between tortuosity, ¢ and Kozeny constant, &

for twilled Dutch weave mesh

E Kozeny EEIIREL o THEY, WMEEIINAKREL 252 B broTz. Zidv 2
2 b—va UREROMN L T 5.

VLEDND, SEBRRAHNE L Bk D Kozeny EHIE, TN LH Egs. (3.31)&(3.32) Tilt
Llahs.

k=126 (3.31)

k=1.90q+0.412 (3.32)
Egs. (3.28), (3.31), (3.32)MEEM 2 EfeMOE IR L7225, Eq. (3.32) D, ##
BRI NRCNEE/ NS TDHIETHLIENRREZRLS TN TELEE25.

Bk D Kozeny EEIT FEMAME T3 L THP)/NS RMEEZ > T\ 5 (A li
FIZH X D). UL, [FU Re #72 bIXEEMKSMO G BRAKEIUI NS D 2 L %27
LTW5%. Eq (329705, [A U Re #, WSRO & E&HMOBNRTE Y 72 ) OREED
AT &S Z L2250, HEMRSHIEERSME IV bERIEICREIN TR, #
BRSO T PIRIUCKT DT v RAR—ZARKE L, MEOFEN2REFEN/NE L2
STWNWDHEEZXBND. ZDw, fEEMEMED S PIIEETI/NE <, §72 5 Kozeny
EHDNNSL D eBEZ2BND.
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3.6 HE

B O A E AU RIETRBZFTRDI2HI Y, T TREMerdo A B
SHERIEZRE L. BESSMIIIEEOBERE 2R TWnD Z Enbn, ZhEh
OHBEHEXZEHL, 202 bkb/NIVHBEZRKRAREZ L L. 2250 T, &
B OMEERBE L I 2 L— g Y &ToTe. Y ab—a UMD, Bike

INFEEEDPRELS RDINEFHAZIZB W TREL RY, ©EOELFF I L TF
BEEMEOTL 1 DOE—7 %, MEMESHEOTIIL3 DO =27 2R, b,
BN O RIZEB T 25 DO — 7 ITEERZT TR, NEOREOR LI X -
THEM LIz, ZoRMRa gL, #ELZERSHREZICHL RS Z &0
TEI.

LU ED XS IZEBMESMOMEKITEMETH Y, [ U < MR & ROk 7 Fe g Ok
Pt % £ 7 Kozeny-Carman DX &L T 5 2 & C, BRSO IE B IHER 2 EH L.
T DOIRIZEE T 2 /37 A—X% TH 5 Kozeny EEIL, FEMEMTIRITLEALE—EMET
HY, WEHREH CITHERIZ L > TR -7z, BEMESH D Kozeny EEIIAMNE DR
IR R TR BN b o7z, 2R Lz BB S HER A L E R HER RN S, Bk
AMOFGEE, BRIV TEELRLEO RS (HEEE) THRREZRIR YD /NS Wik
WL R oM AREZ RO D Z LN TED.
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Nomenclature

Re

-

Res

Im
Uo
Ur

= surface area of Dutch weave mesh per unit volume

= permeation area in simulation

= drag coefficient

= wire diameter

= internal diameter of pipe

=50 % separation size

=97 % separation size

= drag force of Dutch weave mesh

= Kozeny constant

= factor to determine center of ellipse given in Eq. (3.5)
= factor to determine center of ellipse given in Eq. (3.9)
= length of pipe

= length of local flow path in twilled Dutch weave mesh

e B A IS 2 2 58 L 7o Bkl O TR AR RO HER

= hydraulic radius of Dutch weave mesh

= number of apertures per inch

= number of lattices

= wire pitch in simulation or experiment

= local tortuosity in twilled Dutch weave mesh
= tentative Reynolds number

= Reynolds number of Dutch weave mesh

= time

= thickness of Dutch weave mesh

= flow velocity at outlet in simulation

= flow velocity at outlet in experiment

= x position in calculation model for estimating aperture size
= y position in calculation model for estimating aperture size

= z position in calculation model for estimating aperture size

or simulation

= aperture size

= diameter of particle which is in contact with wefts L1 and L2 or L3

-53.
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o1z = diameter of particle passing between wefts L1 and L2 [mm]
013 = diameter of particle passing between wefts L1 and L3 [mm]
& = porosity of woven mesh [-]
AP = pressure drop across Dutch weave mesh [Pa]
6 = angle between perpendicular of center line /4 and z axis in xz plane in
Fig. 3.2 [rad]
s = angle between center line /> and z axis in yz plane in Fig. 3.2 [rad]
s = fluid viscosity [Pas]
v = fluid kinematic viscosity in simulation [-]
o = density of ideal particles at inlet [-]
pr = fluid density [kg/m?]
<Subscript>
Al = first aperture
A2 = second aperture
A3 = third aperture
e = effective
G = center of ellipse given in Eq. (3.5)
H = center of ellipse given in Eq. (3.9)
max = maximum
p = particle
s = weft
sub = substantive
w = warp
X = x direction
y = y direction
z = z direction
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WL 72 7 U —DORHEMIE & 2 T Y — K OBIR

HA4E BRFARATY) —DREBEL AT —
k5B D BER

4.1 WE

K- ORE SOWRE, BHE - DEUIRIEL W o722 T U —RRICK > TRARD R T U —2
i, HaRTET o A TBWTHER AN Y 7 e aLg,, ffkslihoMERelc £
TIRIAL WEEZ 5 2, ABICBWNTHAMOMILFAZESC 7 — 7 TERRICEHELS B G LT 5.
F1ETRNZEY, ATV —KEEIRAT Y —F@2RET2AT ) —MIRE EEMICER
BRI 2EERYETHY, ATV —MREAT Y —REOBBZRAHOLNCTHZET, 5
W7 ADRFHIBNT AT U —KiE2FH Lz Ailzd) (X7 U —288) OFH| -
HAFREL 72 5.

ki1 A 7 U — X E RS van der Waals 71, & 2 WIEIRINFI O L0 Bex 7plesE
MEZ Y, IERICEMERREN B 2R3 720, A7 U —MRIR &R E ORISR 2 BRI FiE
ICE VAT 52 LIIRNEETH D, £ 2 TARIIETIE, TAWRNSZICBIT 2 AT Y —2%
HEeRETELVIab—ra VEBEL, KT —AEEEOMEMBLIZ1T o7z, (&
ALZ L 0B EEEE - S BORIEZ B L 722 Z U —=0, (RAEAICHERL L 7o BEEE & 2 Ff D A
FZU—=IZOoNWT¥Ialb—rarzfTyy, ThbOEEMEN AT U —REC KT T 5%
BT L.
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42 FAWRNZICBITARAT IV —ZFETIab—Ta v

Cundall and Strack |Z & U #2% S 7o kil ~ OE®) 2 4 5 B EEFR1E (DEM) 12 L DHL
FEHRE D DL, BUBEWRIA ) FIC BV TR BN A 5 IC3H R 5 2 L N T & D i
Rz b—ar (DNS) IZXDIAEHE Y&/ E e - DEM-DNS # Y I = L — =
VEIZED, BAMRNGIZB T 5 AT ) =@ e RET LI ab—va R LT.
KL — WK O EAER L, B OR & SITH L TR R T ORE S &2+ &<
&% Z & T, Kajishima ef al |2 X 0 #22 S AU ARFE 3R g 150> B 2R D 72 3. RFIEIR
ﬁ%mm%&d<%?wﬁ%@mbf%6¢,#%Kﬁ%@ﬁﬁVinv—vayﬁﬂ%
Thod. MED LI RAT U —DOYPEEZ TR D T2 DI IR — AR ZE) 2 156D T IERMEZ 7
B350 ENHY, RFEEZHEHLE

RLF-EHRICIBWNT, fllx ORI ONEHEST ), BR[O HERAIZRATEHEZ BiLD.

8(m u )
_7§L¢ﬂ;—nmg+m£—pdéﬁdV+ﬂm+ﬂb (4.1)
a(lpwp)

LU= R ] Rx f,dV (42)

2T, t IR, mp (TR FE R, wp (TR, pp (TR TEEE, pel TR, T, 13kL
F-OWHET), Vo TR FIATE, g IZESINEEE, Ry /TR OEHRT), L IR REEE— R >
N, @y (TR OMEETH D, KM Ch DT T,, [Al#57) R, 1% Voigt Model
IZE DR L7z, Fun, FaolZZ3F40 van der Waals /), BXR _HEEFITH Y, Rk
T2 D LRI T 26 OIEM i3RI < B2 KT T 720, E#) fic®
L., 770 UFE b @0, Ay alb—ya rTlkmiEtAlingG 252 57-
O, BETELHDE L.

Ay, A

F,, = (4.3)
IZiL - 2rp ) a;

2
647kTr, p,, {tanh(zizi"}} exp{— K, (L —2r, )} (4.4)

K'eal-j

F. =

ele

ZZT, AulF v — A —EE, LIIRFDEERE, r TR, GIHRE T ToE—
AL, po (ZNNVT BT DML ze DA A UBEE, 1 \TT A T SOWEL, kiZAR LY
v UER, c ITERKFEETH D, van der Waals 5| JJIThiF A 23 82fhd 5 & MR KIZ R HL
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Wi 27 U —OREEME & 2T U — K O BIHR

T 5720, RFREFERCREZZ S, BELBL TEL LESEITREICRKIT 5 %
HZ25b0& Lic (BfE =1.50m). f (TR —RIRMAEBAERT), RITRA- 00 bRk
ARSI DNLENT L THD.

PRREHRE TIE, WIS #Hi 00 & Navier-Stokes =& FLffE HFEA & L TRV, GRS
FAIFAZ T — s FEBH LT,

Vou, =0 4.5)
Ou, _ 1 M 2

—+V-(ufuf)———Vp+—V u.+g+f, (4.6)
ot Pr Pr

ZIZT, p IS, ueldBARKEEE CoH D . Navier-Stokes 2D 9 6, ZERNCEHF 2 TAIX 2 Kk
FEOHRLZAEST, FRICET 2 HIE 2 IRKEEE D Adams-Bashforth 512 k- TR, E£7)
I3 Poisson FRERUTFRZEGIBRIE & T U A « A T ELZEH L TRV Y.

ARy alb—a TR FORE IITH L, WERFHEE L +0/hs< LTEY, it
REHRAE R OBEATEIR ChL 1) OEFEEE o, KiT-NEBOK 7RIS T DR 73 E % upin
&L TRIZESR SN AR VEETAREE u 25, R — AR AELER T f, ZRD7= .

u=(1-au +au,, (4.7)
S, = Oz(up,in - ;)/At (4.8)

I, wiEEHEE TR CHEERZ T 5 50 L LT TSN EETHS.
FABRNIZIZBIT D ATV —ZF#) I 2 L— 3 VOFER % Fig. 4.1 [ZR”7.

uw—

0.5 um -
[

[
5o0r 10 um ® ® a=1

o o® | J

0.5 um + 1 Y m

s 5 um
‘ — _uw
>y

Fig. 4.1 Simulation system in shear field
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Table 4.1 Simulation conditions

System size [pm] 5x5%10 5x5%5
(Aggregation)  (Dispersion)
Discrete time [s] 1.0X10™"
No. of fluid cells [-] 40%x40x80 40x40%40
(Aggregation)  (Dispersion)
Ratio of fluid cell to particle [-] 4
Particle Silica
-Diameter [um] 0.5
-Density [kg/m3] 2000
-Restitute coefficient [-] 0.1
Fluid Ethylene glycol Water
-Density [kg/m3] 1113 997
-Viscosity [Pa*s] 21x107 0.89x10~
-Hamaker constant [J] 1.19x107 1.42x10™%
Slurry under complete dispersion condition
-Solid concentration [vol%] 0-50
-Zeta potential [mV] -100
-Strain rate [s'l] 700
Slurry under aggregation/dispersion condition
-Solid concentration [vol%] 25
-Zeta potential [mV] 10 ) 100
(Aggregation)  (Dispersion)
-Strain rate [s'l] 4000-40000
Slurry dispersed chain/block structure aggregate
-Solid concentration [vol%] 25
-Zeta potential [mV] -10
-Cohesion force [nN] 0.262-2.62
-Strain rate [s'l] 4000-40000

AHRBEI D 2z J718) BRI R AREER DS 1o = DO Bl A B CHEREEZ B L, BT o
BEZ ZEh y o EJ5m, AIFENSHEE u, TREISE S Z L THAMNSG S LiZ, x
Fiads KOy HNIZEMBER Soth % 5 2 7. BE—JR O AAEH 13RI — iR &
FARIC Eq. )XV 5 27-. v 2 b—r a3 5L Tabled4.l D@V THDH. Ki+, i
REMITHBIRT 2 AT U —REREERICAE DO, BLHICITERE S Y BRT%, ki
TF LT Y a—, KEMELE.

ATV =D RNTREE 5%, BE— KK O EAER £ O AW fi) 2 BED HFE

-60.



WL 72 7 U —DORHEMIE & 2 T Y — K OBIR

Sy TBRUTIE ) tw &3R8, =2 — M OMMEERIY XD B L.

pf J-V fx,de
T, = 4.9)
SW
TW§W
n. = (4.10)
2u,

T, VW ITBEDIRE, 6wl ETOREMEERECTH S.

Ri 7 OUEE - yBOIREBIE, CEBALIC K VT2 kL, TORD b EEMEE &
BT DHEICE Y 527 CBALIC L AHIETIE, BESMIE-10mV, 208EM1E-100 mV
E LT, TOBEMEZ RO TR HIETIE, BEREMHERT DR FLORIEE ) %
BEs 2 b & Le. BEEROET, Fig 4.2 (R T8RS, BRIMEE L Lz, BES
1% 0.262-2.62 nN & L, kiR E M 1.5 nm L FOBA @, vk, Zokik
28T 5 CEAMIZ-10 mV (BREESRME) & L. LI - T, B7p 2 EHEIRRIZ § van der Waals
L ER_EREFRIIOEINC K DEEER <.

(a) chain structure (3 particles) (b) block structure (4 particles)

Fig. 4.2 Structures of aggregate models

43 ATV —¥EERIEEER

A2 Z V=R KA TR IREE DA T~ D 728, WHRLF2 0.5 pm O AP HUERTE &
U R (AR, > —FRAZ—) bxF Lo TV a—n (FHTA4T A7, fE: 99 %)
2T, BLFIREED 0-50 vol%DER ATV —&2fd L. 22T, =FL o7y
a— VEMEIZZ Y| Y v EDOIRBIRITY Y BRI & @ van der Waals fHAAERH2ME & A
P, ERGHCRDAT ) — AR TE 5 LEINTND O Fiz, hiTEE%E - it
WD EZT~D720, [ U ks & ZARKEKZ AT, KFREDN 25 vol%D AT Y
—Z{ER L, ATV —0pH ZFHHT 5 2 & CHREE - /S ECIRIEZHIE L7-. MR X OV
Bt U o 2K Z VT, (B 1 mV (BEESRM), -60 mV (DSt sk
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I pH ZiHHE L7z, SRS % Table 4.2 IZFE L D7,

g —EAF SN A A—F (LA R R LR RST5, HAAKE ) ZHWT, SRR L=
AT V=D RNTREEZRE LTz, —EDW AW &2 BRI 2 T8 AR O 25 4 2
LIEEHTTC, RAMBRELZZ(LSECHEEZITo/. 7ok, A7V —iREX 25 Ck
L7z, LA A—%OfIKX % Fig. 4.3 (277

Table 4.2 Experimental conditions

Particle Silica
-Nominal diameter [pum] 0.5
-Average diameter (50% dia.) [um] 0.53
-Geometric standard deviation [-] 1.03
-Density [kg/m3] 2000
Fluid Ethylene glycol Water
-Density [kg/m’] 1113 997
-Viscosity [Pa-s] 21x107 0.89x10~
Slurry under complete dispersion condition
-Solid concentration [vol%] 0-45
-Strain rate [s'] 700
Slurry under aggregation/dispersion condition
-Solid concentration [vol%] 25
-Zeta potential [mV] ! . . 60 )
(Aggregation)  (Dispersion)
-Strain rate [s'l] 300-6000

2r,
27
N
/
. W 4

Fig. 4.3 Schematic illustration of coaxial double rotational rheometer
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44 FERBIOBLE

441 Yz l—v 3 DEEKE

VIAKLF T L7 ) A TSR EGMA T V=IO T, EAWNERE
700 T TR FIREE 2 28k S CTREEEIIE 21T > 7265 R % Fig. 4.4 1O~ d . R FREE L &
BIZAT U —KEEITHIR L, Mori & Ototake D7 (Eq. 4.11) 12X 2FHARIR L K< —%
L.

n =1+ 39
. I_Jﬁ
0.52
22T, IR TV — ORI, o 1 TR FIREAZRT. Fig. 4412, ¥ Ialb—Ta 4
BNH AT Y —EEZREH LR LORI L. ATV —KEDY I 2 b—3 = R
FRAER L LK —HLTWD. ks, mIREICA S & Mori & Ototake DAL I = L—
g UFEE, EBRFERICE T OMEEEN RS-, 2 O Mori & Ototake D G1E, HATEERIERL
FATOWTIRBRFE I (Bl ) OIREEIC & DRI F-BEDNEE ST A — IR AN - T2 iR RE
THEIT 52 L2 E L TEIHEN TS, LavL, EBICITRFREIIARANC 04 LT
BY, SRETIEREFRE LY BBELRRBIZEEINL TV EEXHND. £ 2T Mori &
Ototake DA HNT & 5 B SEHRF ORI AT 052 &2, K VEITRD LD 057 ITEEL
T2l ZAh, vlalb—va R, EREREBIIC-ELE DEMS, KRy Ial—
va v OELENHER I NI

(4.11)

20
¢ Experiment
o 15 L B Simulation 4
2
'% —Mori & Ototake (1956) /‘
E 10
()
2
R
(]
(a4
0

Particle concentration [vol%]

Fig. 4.4 Relationship between relative viscosity and particle concentration

-63.



CE

442 (EMNHIEICEDZRAT ) —EE - SBREBAERT Y —EEICRIETR

B FEEEE « BORIEN A T U — RIS RIT TR EZTRDL72DIS, v U R % K2y
BMSEREAT Y —I2oWT, § BAIC LY EEE - HCREA S U CRIEEZJE L7-. 3
BRiC X 0o AWEE & 2T U —kEOB% % Fig. 4.5 18T, DESGHICBT S
AFZY—TiE, A7V —HER—E LD =a— N EBEER LT, —0, BESM T,
HAOBEEOHEIMIZE RN T U —RMEITED L, =a— b rrE@HarL
(Shear-thinning) . ARFEFR LV, G - DBREBIC L > TAT U —FH@HN KRS B HZ b
DR TE. ZORT Y —FENERLFREZFE L < HFd 27202, FUL (EAMIC
L0 BHE - DECREEAHIE L= AT U —oW AW (FAMHERE : 4000-40000s™) 12
BIE#ELIal—ra IV v Iab—va kG E A RhE

20 &
— & Aggregation
- 15 + ¢ . .
> M Dispersion
§ *
210
>
z *
5 5 |mm m
S : ¥
0 1 1
0 2000 4000 6000
Strain rate [s™!]
(a) Experiment
20
— ¢ Aggregation
g 15 B Dispersion
§
= 10 | *
2 o
5 ST ¢
R E = m ﬁ
0 1 1 1
0 10000 20000 30000 40000

Strain rate [s™]
(b) Simulation

Fig. 4.5 Relationship between relative viscosity and strain rate
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L AT —HEORRE Fig. 4.5 (20FE L2, OB Cli=a — b Uo25E), BREESM:
TIHIE=a— MUZEEE R L TERY, FEREER L REOMEm NS .

H WIS T Do HelE, BESEENENDO AT ) —DhL %8 % Figs. 4.6 &
Fig. 4.7 \ZR"¥. /0BT, R ISR R < 72D IThE 7Rl 23F & A Bl
FITHEN L TS, —J7, BEESIE TR, SARNEEN/ NSO SFEEERIC L £L<
DRI DR LA > TWDDICR L, HABEHENRKE < 78d LR Ic@<EAMT bR
XL RDID, P LRI TRILEAEIEEES N TWD Z ERbnd. Zhb &2 ERENICEHE
3572012, v =2 b—ya VR BRL B SR B U 7o, Fig. 4.8 (2R B3k &
BAWHEE OBIR 2R, ST, BANEE N KE < D LRFRUERITS D1
MT5b00, BEMBIXIEEAEET Thotz. BELRMFTIE, KEAMNEE IR ChE
FRNED L <, HABREDN &G 725 LRI 2 < 22 77 R L. Zhid,
BHER Z R T DR T A RE REAM NI L > THI &SN TV DH I L EZRLTERY,
Figs. 4.6 & 4.7 THIER SN TR 2B 0OE W 2R FRNEIC L > TEHMETE 5 2 L 23 bn
ol LEXY, KO RT ) —TIId AWEEZ K> TR - OARREEN T & AL

__‘_ W e b~ e A0 A A oo R AR T AR e e Lt r .
(a) 4000 5! (b) 10000 5™ (¢) 20000 5! (d) 40000 s™
0 ™ 12
| F W

Coordination number [-]

Fig. 4.6  Behavior of particles under dispersion condition in shear field

T s
_ -{‘:_a:w-a,-.' o
A

»

3

N
WL b
-

(2) 4000 s

0 — 12
E T ma

Coordination number [-]

Fig. 4.7 Behavior of particles under aggregation condition in shear field
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100
| 40000 s™!
— 80 )
S m 20000 s™!
. 'l
> 60 0 10000 s
§ m 4000 s!
S 40
S
20
0 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
Coordination number [-]
(a) Dispersion condition
50
| 40000 s!
— 40 .
° m 20000 s!
. O 10000 s!
2 30 >
8 m 4000 s!
&
e
(e

0 1 2 3 4 5 6 7 ]
Coordination number [-]

(b) Aggregation condition

Fig. 4.8 Effect of strain rate on distribution of coordination number

B L7pnizsh, ATV —kiEHITEAEZL LAWK L, BESMEDO AT Y —TiX
HAMWEEIZ L > TAT Y —HOBERENET 5720, 2T U —kEL LT 5L
Do Tz,

443 BEBENIRAT Y HEICRIETE

BERE N AT U — R RIT T B E S LICRFT 572018, TOREMREL 5 2 72
ATV —=ZON Ty ab—yar2Ehm L. S0k, SLREERTT L (Fig. 42) O
HARC X Fig. 4.9 D@ Y T 5. Fig. 4.9(a)? Regular At & OHLRFEE ICHOWT, BEHE
AL SHTz & Z O AMNEE & AHXTHEE OBIfR % Fig. 4.10 127~ F AW 4000 s' T
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ITEEEE N X DR DB VITIE & A LR DN o T, IR AWHERE Cld/h S
NCTHEEME AR CE WD EEZ LS. —JF, AW 40000 s' CTlkEE
NDINS T2 D EAXPREEIIR T L7z, BEEIDV NS WGE, EABMERENRES 25 L
BHERDPBEE S, HHEUREBIOES< v LBEx b,

ZIT. BEENIBTDHAT Y —H ORI 2822 L= (Figs. 4.11 & 4.12). HA
W EE 4000 s TIRIRENZEEN KL RN BUC BT A bR hoTe. 2O Z b, Bl
L7720, HAWEEICH LT EDEENCBO T HEEREZHERF LTV 5 Z &b
Sz, HAWHHE 40000 s TIE, EEE) DS WIE EEHER AR 201 [ 10 | &

Regular Irregular

(a) Chain structure (b) Block structure

Fig. 4.9 Initial particle locations of aggregate models

6
5+ ®
24|
I |
Q
23 *
E > | ®Cohesion force = 0.262 nN
:3 i M Cohesion force = 0.655 nN

Cohesion force = 2.62 nN
O L L 1 L
0 10000 20000 30000 40000

Strain rate [s!]

Fig. 4.10 Relationship between relative viscosity and strain rate for chain

structure aggregate (regular location in Fig. 4.9(a))
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() 0262nN  (b) 0.6550N  (c) 2.62nN
) — 12
E = =l

Coordination number [-]

Fig. 4.11 Particle behavior of chain structure aggregate at shear rate 4000 s™!

(2) 0.262nN  (b) 0.655 nN

Coordination number [-]

Fig. 4.12 Particle behavior of chain structure aggregate at strain rate 40000 s™!

S, RLPENEITIEAO L (1B AEER), SHUIRETH 2000 X 5 IZHiEh L Tz,
VLEm G, BAW) EEETIDONT APKEEICRELS EREE 525 Z L3biroT.
WIZ, SRR E R O PIMIECE SR I R E T B A R T 5729, Fig 4.9()0
irregular (/R L72 il 2 OELEZ 1 FIBEICTH LIERETY I 2 b—va vy afTole. &
H£711%, Regular BLiED & ZITHEICR AP R 6N 0262 nN & L2, v Ialb—v
3 URER K VS LN AWNEEE & AR E OBIfR %A Fig. 41312, TDOLEDAT Y —0D
VB2 E) % Fig. 4.14 |Z7~9. Fig. 4.13 121, Regular BLiE O & = OF5R S OfFL L 72. Regular
FLE D & & OM[A L IZR2R Y, B ABNEE ORI & 6 220K SN L. Rif258h %
B9 5L, HAWNERE 4000 s TITEAMITK U CEE IR0 R & < GRERITaEE
SNTITH AW A D THELS T Th o7z, B AWNERE 40000 s Tix, SURMESEIX
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6
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>
24t
§ |
23t L 4
(]
22 F
= # Regular location
~ 1 .

B [rregular location
0 1 1 1 1
0 10000 20000 30000 40000

Strain rate [s!]
Fig. 4.13  Effect of the initial location of chain structure on the relationship between

relative viscosity and strain rate (cohesion force = 0.262 nN)

(a) 4000 s (b) 40000 s™!
0 — 12
[ B I

Coordination number [-]

Fig. 4.14 Particle behavior of chain structure aggregate in irregular location

B S, ROVICHROBEEREZER L TWD Z LR bnd. Zofd, FAWNE
ERARENVCHELOLTWRBIMEIMETL, X7V —OMIREIHEmML-EZEZ2 oM 5.
RIZ, Fig. 4.9 4 H ORI 79> BIEAL S AL DB D EHERICOW T, BEE ) 22 b
STV Ialb—yvaraiTol. ¥YIalb—ra UfERIVELN-EAWIERE & Fxt
¥EEE ORISR % Fig. 4.15 12”9, HAWREE OB & 6720, EEEET) 0.262, 0.655nN Tl
FEXPREEE I3 U722y, BEEET) 2.62 nN IT72 % & AHXPREEE TN L 7. 24U irregular Bid
EOBREED & & LFERRT, BEEOERAIC LV REMEMET Lz B2 65,
Z 2T, BT 2.62 0N O L & DOF/E MR T DR RN A Fig. 4.16 (-7, &
PWHREEN KR E 2D EBNEDOE — 7 BENE DL NS~ 7 F L. ZDOZEhbh,
TAMHENRELS 8D L, IV REREBEEERLZEELTNDZ D15,
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2 # Cohesion force = 0.262 nN
é ? | mCohesion force = 0.655 nN
Cohesion force = 2.62 nN
’ 0 10000 20000 30000 40000

Strain rate [s]
Fig. 4.15 Relationship between relative viscosity and strain rate

for block structure aggregate

50
B Strain rate 4000 s™!

40 B Strain rate 40000 s™!

30

20

Frequency [%]

10

0 1 2 3 4 5 6 7 8
Coordination number [-]

Fig. 4.16  Effect of strain rate on distribution of coordination number

in block structure aggregate (cohesion force = 2.62 nN)

R -5 « BCRREE AT U —¥EEDBIRZIEV KD &, Figs. 4.5,4.10,4.15 5, (&
AL & 0 HE S 720 HeREE < SUIRIEIE OREERIRRE < SRR D BEIRTE < ¢ BALIC
L0 HIH S TR RE D NEIC AR IR & < 7o o TRV, MENKEIRDFERE L
T, BRI L DMBIOGT 03 R Sz, RBNOHTFIE, BEERNES L <IXEHicfF
ETHREAICEDZbDEEZBND. ZOREKSEEMEC ETELZHSNCT S
7IZ, AEKE R T EORFEERE AL, BT OFEKRE LB o BIfR & R
[ AR BEIR CIEEE ABL (Ow/0z) WV/INE L 725 Z LICHER L, WRICRW TS HE AR N H
LEME X 0 /< 72 D 5EEAE N EoFEREE X T

-70.



WL 72 7 U —DORHEMIE & 2 T Y — K OBIR

HE AR OBIEZRET 7202, BB oBeREICHH AT Y —IZ O THRF L.
IR TR BOREEIC & 2354, R rRIELOEMPBIZFEA SR T, RNEKITAET
RIS, RIFIREE L BT OBERREITE L b B2 bbb, £2T, KRES
vol%, WD ATV —IZHOoNWTY I ab—arZ2FE Lz, B AWEEL 4000-
40000 s' & L7z, B AMEEIZI W TR Lo dH AR O 554 % Fig. 4.17 129, Bl
AW EE TS D AR Ot GREEAELEL) T, Fig. 4.17(a)l 3453 B A B & RO 5
AR BRI ED DEA %, Fig 4170)EEOEKEGEZEA LI-bDEZ R L TWAH. T
RTORAMHIREICIB TR UfZEIC 2 DO — 7 PERTE 5. WEARLL =1 OfLE
28 % B — 7 13RO EEZ T TITREN T IR EIR ORI G %, EEAR =0.5 DL
Bl D=7 TR F OB R LZ T HHEBMOEEEZERE L TVWDLEEALN, ZITHE

© 10000 s "
0200005 :33'@
40000 5! o 4
| ﬂ) |

-f%
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~ w » @\? L
L / oAdJ SO 1
AS - "\"‘Q.\ AMAAAA/

«wmw$; ' ' 1 . OO0
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Ratio of velocity gradient to strain rate [-]

Volume fraction [%]
S = NN W B~ N &N O
T

(a) Distribution

< 100 -
g B 4 DOGASCOSE R
g < 10000 s i
o )
5 80 r O 20000s! | ?/
. 9
o 40000 s! /
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E £d
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£ 20 | §
E e

v le==

g o ."’:/,ly‘: ! ()
© 0 Q0@ e = | | | |
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Ratio of velocity gradient to strain rate [-]

(b) Cumulative fraction

Fig. 4.17 Distribution of ratio of fluid velocity gradient to strain rate
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AT U —Toh LD TH IO GEZRL TS, 2D LiX, Fig 4.17(b)ICk
WC, AR 0.5 LU T OREIREIG SRR Svol% & —T 52 L b bbhb.

T, HEARNPEAWIEED 250 1 LD E AT EOFEKE R L, Kk
M (BEE /) =2.620N) ICBIT 2RI OEKRIREZF L L, Table4.3|ZF &7z,
Table 4.3 & Figs. 4.5,4.10,4.15 705, BT OB & FHXPREEICHBEIN H 5 2 & 23389
S, AT OEERBEEICK VEEHEELE AT U —$EOBREZ ETEMICGHEcE 5 2 &
Mo T.

Table 4.3  Apparent solid concentration

Shear rate [s'l] 4000 40000
Particle concentration [vol%] 25

Apparent solid concentration

-Aggregation condition controlled

. 56.1 40.2
by zeta potential [vol%]
-Chain structure aggregate [vol%] 31.6 31.1
-Block structure aggregate [vol%] 36.3 35.0
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4.5 WS

Wk AT U —DOREHIE L AT ) —HEOBMRZH LN T 5720, ABTIEGIC
BIFOATV =) Ial—Ta U EWE L. BROBAT ) —IZBWT, ¥YIalb
—a PO HELNTE AT U — KT ERE R L O E IR SR o HERE
LX< —&LT.

BHESRMFEDO AT U —TlL, DEBEMHCHASTHE TG 2o 728, W AW ORI
EDRWVEERNRRES 5720, FEEIIMK T L7z (Shear-thinning) . Z O#EEAEE DI
E B ORI, R TIZ X 0 IRENE T B D IRIREE, T B AEIKOIFEEIC K
DH0DEEZ B, TORBIKAEBEERE Z7p Ui BT OE AR E 4 & &I FE i L.
KBEDOERIAT V—IZBWT, AT OBREE TR TRE LS LD EEZ,
IO N—E U E AR A AWEE D 2 730 1 LLTF & 72 Bk A T OFER L ERR
L7z, CEALIC X0 B L7 BE R AR, TORMIBLE Lcsk, SROBEERZ DR T
J—=Dvalb—va URERICOWTRNTOERREZFNT 5 &, ThZhOEmRE
WEFE TR RETHER D RNTOERRBEZRL, 72 DA T U —HKiE L ORI
Ao, LEEDY, X7V =R AR 2 BT OERIRE O b BRER G &
AT —HEORRE ERMICTHMET S Z ENARETH Y, ATV —HENL ST ok
ADHRFHIEBNWCTEIEL 2 5 BEBESARET 2 TT 520 Hemil a5 2 LR T
5.
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Nomenclature
Au = Hamaker constant
aj; = unit normal vector from i to j particle center
c = elementary electric charge
d, = particle diameter
Fg. = electrostatic force

Fy.n = van der Waals force

I = interaction between particle and fluid

g = gravity acceleration

I, = moment of inertia for particle

k = Boltzmann constant

L = center distance between two particles

mp = mass of particle

P = pressure

R, =torque derived from contact between particles
p = radius of particle

Sw = surface area of wall

T = temperature

T, = translational force derived from contact between particles
t = time

u = fluid velocity defined by Eq. (4.7)

ur = fluid velocity

u, = particle velocity

upin = particle velocity inside the fluid cell

Vo = volume of wall

Vo =volume of a particle

Ze = valence of electrolyte ion

a = volume fraction in fluid cell

At = discrete time

Jow = distance between upper wall and bottom wall
&f = porosity

-74.
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) = volume fraction in slurry [-]

Na = apparent viscosity [Pas]
e = relative viscosity [-]

Ke = inverse of Debye length [1/m]
s = fluid viscosity [Pas]
pw = number density of electrolyte ions [1/m?]
pr = fluid density [kg/m?]
pp = particle density [kg/m?]
Tw = shear stress at wall [Pa]

w, = angular velocity [rad/s]
& = zeta potential [mV]

-75.



%4

=~z
=

Literature cited

1)
2)

3)

4)

5)

6)

7)

R T A, ks I 2 L—3 g o A8, PEEE. pp. 29-44 (1998)

Cundall, P.A. and O. D. L. Strack; “A Discrete Numerical Model for Granular Assemblies,”
Geotechnique, 29, 1, 47-65 (1979)

Kajishima, T., S. Takiguchi, H. Hamasaki and Y. Miyake; “Turbulence Structure of Particle-Laden
Flow in a Vertical Plane Channel Due to Vortex Shedding,” JSME. Int. J., Ser. B, 44, 4, 526-535
(2001)

R EI SLMOBES I 2 L—3 a2, pp. 52-70, 149, FHEEH (1999)

WARZETT;, SHCRO VAT U—, &4 HIATE, pp. 112-120 (2000)

Russel, W. B.; “Review of the Role of Colloidal Forces in the Rheology of Suspension,” J. Reology,
24,287-317 (1980)

TRIFER, ST BRI DREEE I DN T, LTS, 20, 488-493 (1956)

-76.



DEM-CFD#RK Y 2 = L—3 3 ok A4 — 7 Ao T3l

FSE DEM-CFDERFI I 2L —T g itd b
r— 7 A1EHEDTH|

51 =

F1ETHRARIZEY, MR AT Y —O AL ABEIIAREEMICKRE oo TLED
728, A AR AR L, BB 2B E T 2 E N TE A0 2 E T
ICEEICRD. BCr—27 HBICB VT, ABIH0 5 b — 750 &5 5E 50
KREL, HEHONEWTr—7 BT 51201137 — 7 BRREBZH LML, 7r— 27
ENPO =7 A EREICTHT AMLERNDS. LLenb, A2 7 U —0 Al
TILFFESX IS0 van der Waals /) &\ o 7R F-RIAE BAEH 01 X 0 kL7 DR - s HOIRAEDS
BB L, ZOABEEZERICIVFARDL Z LITEFICRETH .

T CAMGETIE, =7 AV I 2l —Ta  EHMETH LT, MK AT U —D
AHUHEEN 2 AR BI U7z, CBATIC X 0 kL OuESE - Sy BoRBEZ B L 7=k 7 7
— 7 AWM I ab—rvaraERL, 77 BREER S — 7 WO AT~ 5 Z & T,
KL OEEE « SFBUIREEN 7 — 7 AR RIETHEBEH LM L.

-77.



i
at
1

52 U—7A@¥YIalb—TaVv

AU alb—a T, Tsyietal lZX > TREI D, RAETIHANTICA HDbHhs
£ 9T o - BERCELRTE (DEM) (T K DRI 1-3HA & BB )15 (CFD) D& BB
TRIFPEB L EnzE O Navier-Stokes A < MR FE BRI H7-2 I =
L—a EEEARL Lz 2. RPETITR ISR LRk L2 o RE<EY, kit
— AR A ERICET VR E WD Z & T, % 4 %D DEM-DNS E AL LR TRER =
A2 NEHEST D Z LR TED. K — A EZ EMICY I 2 L— b 2R TIEET VK
Z 7220y DEM-DNS B IED T NEE LW, ki 72T ) —Dr— 27 S &+ 5%
7o OIZIL AR ORL 80 %+ 0 IS 22 1T 472 597, DEM-DNS J#AE TIXEHR =2 X
FRBERIZIR>TLED. F£7z, 1K Re M TITHIT D AT — 7 DIBAETC T — 7 N
iz B2 LT, Rif—o—20OXBOEMS 2% 2 £ TBRTIHETELS, Fr—7
A E TS D720 O+53 7R, BT AE I F 2 D ARFIEERA L.

R F-FHEIZIBNT, [l 2 Ok O, Bl m OER G RXUTIRATEZ 6D,

8(171 u )
#:Tp—Vppfg+mpg+FDJ+Fvan+Fele+FB (5.1)
a(lpa)p)
=R (5.2)
ot P

TIT, ot IXWERE, mp (TR, wp (TR TREE, po (TR, pelXIRIRNEREE, T, 13kI
T OS], Vo TR -IRFE, g (XBEINEEE, R, (IR FOEIERS), L TR BT — A
N, @, TR OMEETHDH. R Th W) T, [FlH5)) R, 1T Voigt Model
WX VER Lz, Fo 3R o320 285171 CTh V, Kawaguchi et al DIEZE L 7= it iikhT
TTFNERALEZ Y. bbb, HEEAHOZEREKRIZN U T Ergun X & Wen-Yu DX
ZENT T

BV,
FD,i = l—zf ("f _up,i) (>-3)
(l_gf) 150—(l_€f)’uf +1,75pfgfu_p—uf‘ (8f SO.S)
dpgf dP
B - (5.4)

3 ,of‘up —uf‘(l—ef)
4 d,

T T, el TZERRE, welTVEAEEE, wlJIRARREEE, dp TR TR TH D, ColdPi/itREkT
HY, LA I NVAE Re EHHW TR THEZ LN,

Cpe, (¢, >0.8)
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24(1+0.15R")/Re (R <1000)
C,= 55)
0.44 (Re>1000)

u, _uf‘gfpfdp (5.6)
Hy

Re =

Fvan, Fele, FB &i%ﬂ%‘ﬂ van der Waals jj, %ﬁiigﬁﬁ, 7\5 '7 ‘/T%@Jjj,@gb D B %‘6:
PR 11272 B ERIRT TS OVER IR 3582 < 8% RT3 728, EH)
IZHBE LTz,

A7
Fvan = =t (57)
12(2-2r, fa,
2
Z,C6,
Fo_ S4mkT) rppw{tanh(moj} o (L-2) (5.8)

ele
Keal-j

- (127 kT 59)
At

ZIT, Al — A —EE, L IXRFLEERE, o iR, GIXRE T ToE—
BENL, podT SV TR DAL ze DA VI SE, ke (LT A RS OWHL, Kk ITALY
<~ UEH, cIXEBRFEETHD. van der Waals 5| JJI1FhL 1 [7 L2033 5 & BRI HEHL
TH720, KrREFERHIEMEZ T, BELBEL TEI LESEI3REICRK T 5%
HExbbob Lz (BE =03nm).

WRFHR CIE, RIS RT R S 7o O3 & Navier-Stokes oz B HEA L L
TRV, R FICIIA Y T — &2 L.

0

s +V-gu, =0

ot (5.10)

0 1

ﬂJrv.(gfufuf):gf[_—vp+ﬂv2uf+g+fpj (5.11)
ot P Pr

ZIT, p FED, flFkiT—RAERMEEENTH D, KA — AR AER f13%0T
HFzons.

1
Jo=- F,, (5.12)
’ PV e Zz: ?
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Navier-Stokes N0 9 6, ZZMIZEAT 2 IHIT 2 HGEE DO HULESC, RERNZEId 231 2 &
F& B D Adams-Bashforth 52 & - TRV =, [E771% Poisson FRERUZ~ /LT 7 U v RiE% i
FH L 72 Red-Black SOR V£ % VN THEV Nz 919,

Fig. 5.1 [ZAY I =2 L—y a VORRERZRT. BEAEOFEBELOPIZ, priEi&ok:
FaRE L, RSk I —EoARENE X, EEABWEI I 2 Lb—LT. 2
mzERAmE L, kfma AN, FEatné Lz, x, y Aafilmi3EagsEfe L. 5
PIZIRL -3 S B9, s S8 2 50 A M (22 = it X4, 8%
ENLE z =34) ZixiE Lz, (ABAM OREESUIRR T 2RI L VKD, ROX I
Hx7-.

AP, =2210.5u,,> +27.962u,, (5.13)

T2, AP ITTRIRDMAEAM 20T 5 & X DOE K, o 1T ATE EAEEE)
Thh. U2l —3 g 5% Table 5.1 (2R T. ki1, VARSI HIRT 5 EBIC
G-,

~ Ideal filter medium
z AP, W
y y
TL, 50 w,

Fig. 5.1 Filtration simulation system

EEAEY I 2 L—a VOFNEFIETIROBY TH5H. £, BESM, Stz

NENOAHEY I 2 L—3 3 OMITORET % Figs. 5.2 £ 5.3 TR LT,

1) FEEHE, KatE 2N ENINITAT, ARG CIIb 723 Iy IREE T oL
ZEAL, RLFFHE TIE A E 3 DRI DEE - S HCREOHIE 41T 5 (Figs. 5.2(b)
& 5.3(b)).

2) MREE T, TTABES AP ENE P(ANOES Pi—HAJES PR AT A5 X
A AR win ZIRET S
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4)
5)
6)
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Table 5.1 Simulation and experimental conditions

Mono-disp. silica slurry ~ Poly-disp. silica slurry

Discrete time [s] (for simulation) 0.5x10°
Filtration pressure [Pa] 0.2x10°
Temperature [C] 20
Fluid Water
-Density [kg/m3] 1000
-Viscosity [Pa*s] 0.001
Particle Mono-dispersed silica Poly-dispersed silica

-Diameter [pm] (for simulation) 0.5, 0.6, 0.7

-Average

0.2,0.3,04,0.5,0.6,
0.7,0.8,0.9, 1.0

diameter (50% dia.) [um] 0.513 0.462

-Geometric standard deviation [-] 1.09 1.56
-Density [kg/m’] 2000 2200

-Young's

modulus [Pa] (for simulation) 1x10° 1x10°

-Poisson ratio [-] (for simulation) 0.2 0.2

Slurry condition

-Solid concentration [vol%] 5
-Weight [kg] (for experiment) 0.2
-Restitution coeff. [-] (for simulation) 0.01

-Hamaker constant [J] (for simulation) 1.42x107°

-Dispersion state Aggregation Dispersion Aggregation Dispersion
-Zeta potential [mV] -1 -30 -1 -30

-PH [-]

2 8 2 11

System size, wy Xw, Xw_ [um]

15x15x%120

(for simulation)

Number of

fluid cells, n, xn , xn . [-] 8x8x 64

(for simulation) (Fluid cell size, A=1.875 pm)

up’+1 =u, +(%—ljgam (5.14)

ZIT, @lINHICET AR TH S.
HY VS sowe= A EVEIR win 2B SR & L, Eq. (5.13) TRO AR AM ORI 25

J& LTtk
BHFrEnd
WA DLETE
£, ki f
Wiz, FE
ki DHi 7

MR ZERY D, AR AM OIS LY Eq. (5.1 BT 2 NELHTH DS
DT, PSR T D THRF &0 3.

b, KFOWBPRENK THER, ThbzlRfs LTomzind 5.
AR AT 5.

2)& DHTRFOHA B BE L TRIAFHREZFEwET 5. (A OEHLI
(CEDEERFMOF 2V IRL, FREZIUESED.
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®

7) FENSNETNE, AEEEEZEITSE, FIESE 6)AMVIKT I L TAHABEHEITS

5.
8) T—7 DN KDY, HAWMEGZL LR Ipo7c & ZATEHREZ T 2% (Figs.

5.2(c) & 5.3(c)).

(a) Initial arrangement (b) Aggregation process (c) Filtration process

Fig. 5.2 Procedure of cake filtration simulation (aggregation condition)

(a) Initial arrangement (b) Dispersion process (c) Filtration process

Fig. 5.3 Procedure of cake filtration simulation (dispersion condition)
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53 EEAEER

Vol —varORNMERIET 5720, AiRFEREIT/R o7, Fig. 5.4 |2 ERE®E
WIS 2 7R, AFRRI 722 0.5 um OB U ki1 (BEAREE, o —hRAZ—), F720%
Z0W VI (T RvT v I A, TR T 7A4Y) BEBKICHISE, 5 vol%Mki 1A
ZV—=200g ZER L7z, WO U, 258 U B ORF5540 1% Fig. 5.5 DY Th
Y, FE-SEM (HITACHI #, S-4300) % F\>C SEM E & ¥ L, HE{GAHEIC X > CThi 1
BAEMIE LTz, Fig. 5.5121%, 7—7 Ay 2 2 Lb— a W R ORA 25510 bR
L7z, A7 U —0kE - 3HEREZHIET 572002, KEED U U LKER £ 12136 % %
HAWT CEMZRRE U7 (BESM  -1mV, WG 30mV). FRLEXZ Y —%00
JEAMEEE (7 RN 7w 7 B PE, TSU-90B) #HWTEREAM L, AIREORIFE(LE
RE LTz, AMIZIZA T L7 g v B — (BFRFLEE 02 pm, 7 RAUT v 7 HPE) %
HuWiz. A@JEIX02MPa & L7, ABFEBROSM% Table 5.1 ([20fFE L7z,

AIZEGFoNTr—7 OMEEE S REELZNE L, 7r— 7 OlRsctl m & 225
e RO, i, REELZHOWTAMICEKBKORZZBESE, ¥ Ialb— g /I
WAIRABR AR O IR & iE OBt 2 ~7 (Fig. 5.6). &£/ Lyt ol =x
AR D Eq. (5.13)0i# Y TH DH. Fig. 5.6 (21, RN EWVKRETOABY I 21— g3 v
WRLRLE, Y2l —va UREREERBRIT IS &L

Motor
Valve (vent) Valve
—D<— >
Compressor

Slurry ~

- Stirrer

AN
X\

Filter medium Valve

4

Beaker PC

o

Electronic balance

Fig. 5.4 Schematic of the experimental equipment



i

1

Frequency [% /0.1 pm]

Frequency [% /0.1 um]

Fig. 5.5

Fig. 5.6

Uy, [m/s]

100
® Experiment
80 B Simulation
60
40 r
20 r
0 1 1 1 | I— 1 1
0 0.2 0.4 0.6 0.8 1
d,, [pm]
(a) Mono-dispersed silica
25
B Experiment
20 B Simulation
15
10
5
0
0 02 04 06 08 1 12 14 16 1.8 2
d,, [um]
(b) Poly-dispersed silica
Particle size distribution in the simulation and experiment
0.008
¢ Experiment
0.006 + OSimulation |
@
0.004 -
L]
0.002 »
0 1 1
0 0.1 0.2 0.3
AP [MPa]

Relationship between filtration pressure and outlet flow velocity

for the case of only water passing through filter medium
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54 RBIUEBE

541 YIal—v 3 vDEEKE
V3al—va UREREEBRERALKL, R Ial—Ta v ORSEERIELT.
Table5.2 1, ¥ I =2 b—vay, ERENENDNOGONT B — 7 WiRGLE 7 — 27 O
2R AR, S — 7 T, I a2 b—a URERICOVW TR Y, ER
FERIZOW T Ruth 712 v b 2 XD ZRZEieRkdiz.
AP

C

Uy = (5.15)
:uf avc

ZIT, AP — 27 BT DIENER, au TV — 7 HIREL, we (3B A H T2
WOr—r8ETHD. £77, YIalb—rva UBERIZBWT, MEEALVHRORI 213 S E
DIZD7e N =7/t LTEEAEEH LW EEZ X DD, ZEEN 0.75 LT
DN Zr—T LRI L, FHZERBEZEH L.

BRLT- RIS T 2 o — 7 RF OB ZERIZHONT, I ab—Ta URRE
FRFERIZ IS B LTEBY, AV Ialb—r a0 ERmRsn-. =71, i
L5 H ) H DWH o — 7 AEPUC DN T, R 2 b— 3 USSR & ERRRE R L TR
NEONE. T, Va2 b—y a3 B W TR DR 5321 5 71% Ergun ORXKX0
Wen-Yu OFRUZ KV FHE L7, T bi3Ec b1, WIRSEIED 15 6 Lo R 7220k
BIEPLNTH Y, RTBERTENMAICL > TP ZHR LENR2 WD EBEZ LS.
V3al—valrOEEEZ LV EL THEDITE, ABICEHE LRI AFHEE T
MREEL72Y, SBROBETHD.

Table 5.2 Comparison of simulation and experimental results for the average

specific resistance of cake and porosity in the cake

A ay [m/kg] Eav [']
Simulation =~ Experiment Simulation Experiment
Mono-disp. silica  Aggregation 2.18x10" 3.41x10" 0415 0.569
Dispersion 2.58%10" 524x10" 0.363 0.388
Poly-disp. silica ~ Aggregation  2.93x10" 8.88x10" 0.397 0.403
Dispersion 3.20x10" 10.1x10" 0.367 0.375
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5%

542 F— 7 EEGBRIIBIT 55 EREOEL

Fig. 5.7 12, BRI FSAFICHIT 2 Al E ORIEEL 273, KA BUR-EO GG 1T,
HAOWMT VAT —, ZW VATV =005 0RE— 7 B I
7o LN DBRE (1=0.0048) 706, AWEHEIIREESNTET Lz, —7F, KifoskesE
WREDGEIE, I BRRED & & LR TABMEEME T Ligd A2 E < (1= 0.008's),
2 E X BER IR R L7z,

A OYIHBEFEIZ BN T, G TITRL X AM L2 S ERMICE S Lo IcE ST
WL, BRIRTd 2R IR AR LA IICE S K0 ICEE S D . RIRITRL 12
s Tuwiwy, & LUIREE OO EFT 2 RIRMICER T 5720, BESFNTIEH D
FEFERIT- 05 EE S e\ & A 2K T SE 2R3 R bane B ond. £z,
HAOWMT Y ADAZ ) =L 8208V ATV —DFNAEEENMRD. 20X, £5
BV DTN T FELTERY, R rHREHD D Z L THSBC Y 1LY b
IR —7 BB L TSI EF 2 HILD. Table 5.2 O AMWIK THRED 7r— 7 DZERRFE L
L8 V) DI PEL 7o TV D,

0.005 FT*9%ey-v
'.’0
om ¢
0.0045 °=_’
— omf
£ 0.004 ¢ 0.23000,’
= ¢ Mono Agg. o "
< 0.0035 | = ° "x®,
® Mono Disp. o H_6e
%, "mEmmmm
0.003 + Poly Agg. .,
@ Poly Disp. .°oooooT
0.0025 . ' '
0 0.01 0.02 0.03

t[s]

Fig. 5.7 Outlet flow velocity (filtration rate) variation with time
(Mono: Mono-dispersed silica slurry, Poly: Poly-dispersed silica
slurry, Agg.: Aggregation condition, Disp.: Dispersion condition)

WIT, AEMOEITICE 725 r— V7 UREFEI 25120, A EOZERSROREZEAL
ERAT. Ialb—va VRO S FIICOWT, kL1 o0% 1 ByE LT,
bzl &g, 28, B, ... L, FEICBITLZEREERDI. B, 4 ERA
MED EOERTH L. HOHT U AT U —0FHE « 5EGMHCIIT D 220 ORI

-86.



ee[-]

0.8

0.6

0.4

0.2

0.8

DEM-CFD kI o L— a3 2 kK B4 — 7 Ao T

—-z4 -B-75

76 =@=77 =x=z8 =X=79

0

0.005 0.01

0.015 0.02 0.025 0.03
t[s]

(a) Aggregation

_ 0.6
© 04
02
--74 875 76 —0-77 -%-78 =X-79
0 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03
t[s]
(b) Dispersion

Fig. 5.8  Porosity variation above the filter medium with time

in mono-dispersed silica slurry

{b.% Fig. 5.8 (27”3, Fig. 5.8(b) D, WG TIL FORE B BRI ZERRERIN /NS < 72
STEBY, FLEBTEMOBEE BIZLALFLTHDZ E0b, F— 7 BRAHFATH
HZENDND. —F, Fig. 5806, RS CITEEE % £ 72V TR O T AN E
TS, ZHUE, BEEOFA XN 1B LVEREVWZOTHD. £z, FEDOZER
TNAT v TRIZENLTZY, BIT/NSL o720 LTS Z Ennb, EEKROAESKL
FOBESNPEE TWDLZENDND. BOBT Y VAT ) —OBERFEIZBNT, =
0.015-0.017 s &7V THBEEDEL N HE Y RoiZe>722% (Fig. 5.7), Fig. 5.8(a)ll
BT, B ETRTOBTEREOENGHED RN LB DND.
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HIEHETHDERFELZ LD L, WV, 2BV ELLDAT ) —L b r—
i FETH D 24 JEOZERRITEN &<, D EOr— 7 mEIC S 722 2527 i3t
FVHIELS 2o TWD. 24 JEDOZERRP LA E < 72> TWD DI, AR AM IR
Lo TERY, KT — PR TR TR EAMED R L 0 & RERBEFNTE 5720 TH
L. WHESME L SRS S L, — 7 BEITAT U EREESM O D ERRILE
KT TV, BESFMTH TEOL TIHEMI N TR R —7 L 273, FEZ
EHEMNTFIL R DT, BEERFMEOFNHRRr— 7 1 koTc B2 oD, o8V
T ATV —DUHE - DEEICE T 5 A EOZERBORFE(LIX, BOoB VAT
—LIFEALERICEmTH -7 (Fig. 5.9).

02 7 ~-z4 w75 76 —-7z7 -%-z8 -X-z9
0 ! ! ! ! !
0 0005 001 0015 002 0.025 0.03
t[s]
(a) Aggregation
1

0.8

0.6

ep[-]

0.4

02 r

—--74 -B-75 76 =@=77 =X=78 =X=79

0 1 1 1 1 1

0 0.005 0.01 0.015 0.02 0.025 0.03
1[s]
(b) Dispersion

Fig. 5.9 Porosity variation above the filter medium with time

in poly-dispersed silica slurry
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Z 2T, Fig. 5.7 T LIV Al EE O T BAG RIZ 1T 5 ZEB 3 % Figs. 5.8 £ 5.9 12T
BT 5 &, AME ETIZT TIZZEREN 0.5, 0.6 BEEZTTIFR-TND I ENbNS.
Thebb, AME LA 4, 5 BFIRER TAESTH, AR L7z X5 IREITRI 1235k L
TWeWe ZAZBRICER T L5720, Fr—7 L LTURZEACEFUI R bR E NS
ZENRBREND BEEIITDRNOLTHIILAZENEZ D, ZRUC X EFUTIAETCDHDT,
F o AREENMET LaWbiT TIERW). ZNEENDDLTD, BOoWM Y IR

DEESLIFITIBNT, 1=0.001, 0.004, 0.008s (ZF1T 5 AME LR Lt Ok
F &~ (Fig. 5.10). ZEfR@RIIH T —a L X —KT, MNOEFIT7 L TELE.

(a) £=0.001 s (b) £=0.004 s

(c)t=10.008 s

Porosity [-]:
orosity [-1- 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Flow vector [m/s]:
ow vecto SI-0.000 0.005 0.010 0.015 0.020 0.025

Fig. 5.10  Porosity distribution above the filter medium and flow velocity vector

of the flow into the filter medium under aggregation condition
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0.004 s £ Tix, BLIROBHERIFIT LY AME RITEHOMICEDNLTEY, TZ kT2 X
NIRRT L TWD Z EDbnd. AWEEDIK TAEE 72 0.008s T, AHME L
DERESANIEI S, WMNORY /NS 2o TS Z ERNbingd. &IZ, HyE Y
N AT V=DM oW T, AL 1=0.001, 0.004, 0.008s 285 AME LEDZER
LMD T % Fig. 5.11 [Z777. 0.001 s T, AME EIZH 712 &> THoIicEbh
TEY, TNERET D LD ICHARINER L TR, AEEEEOK TR E 72 0.004 s
LI TIX, AME EOZERESMIHE, HADRY b7a< 7o Tz,

(a) £=0.001 s

(c)£=0.008 s

Porosity [-]: 4

=
n

0.6 0.7 0.8 0.9 1.0

. IS
Flow vector [m/s]: 6900 0.00s  0.010 0015 0020  0.025

Fig. 5.11  Porosity distribution above the filter medium and flow velocity vector

of the flow into the filter medium under dispersion condition
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5.4.3 F— 7t & WAL Bk

VIial—va UTIEBREE VB TIRIRIRIIZFTR LT D2, v Ialb—s
VRERTHR LN — 7 Bk E —oO DR PRI E B X, WA AR L Tk, Kk
ThH-2 615 Ergun O ONZ LV Fr—271281F D FEJ1HER AP a7 3K, Eq. (5.15) 5
YByor— 7 kb R Lz,

2 2
A])c,Ergun =150 (l_gf) Hill gt +1 751_8f Prlhou

3 2 : 3
. & a’p &

p

(5.16)
(1—8 )2 MU l-¢&. pu ?
:150 3f f out2+1.75 3f f*"out
& (6/5y) & 6/8,

ZIT, LT —27 8B, SATRFOUREETH D, LAFHEAMABIIEH 2 D Ok 7D
BRFEZ ZEBRR TR Z 12X VRO 7=, Egs. (5.16) & (515 HFtHE L= - — 7 Heik
Pi% Table 53 |Z/R” 3. Tables 5.2 & 5.3 O — 7 WikHL & i35 &, KRFHEAER,

Vialb—va URERE BICARN—R LR DRI TE R AL Ergun O TH L ICHEDH
T, U Iab—va URERICHR, F—7 B oDkl TR E B2 LR RO G
r—7 IRPUIN S <720, ERFERD I DICTEEET AR L e o7, FRS, ERER
RV alb—a URERTIE, BB U X008 U 0N — 7 ikt

REL RoTzDIZH L, RFHBEBERTIIZHB I IOHENNSL o TLEST. ZD
ZEemn, =7 N OB BIEDZEN T — 7 RUCRS BT H 2 b D

Table 5.3 Average specific resistance of cake calculated from Egs. (5.16) and (5.15)

er[-] Le[m]  So[m/m’]  tow[m/s] AP cppm[Pa] o [m/ke]
Mono Agg. 0415  9.64X10° 9.50%x10°  0.00334  579x10* 1.54x10"
Mono Disp.  0.363  8.85X10° 9.50x10°  0.00313  8.83x10* 2.50x10"
Poly Agg. 0397 935x10° 9.01x10° 0.00283  521x10* 148x10"
Poly Disp. 0367 891x10° 9.01xX10° 0.00271  6.63x10° 1.97x10"

TIT, FTETr—7NHORNDER MR LIz, Al THROESE U T DR
£ - BRI BT D BRI E VD ZERRER o & T35 710 (2 F710) OUEE u. D BFR % Fig. 5.12
(R BRIV & 56O DR IR O ED B THRIEPNIRE SN 556, KhoE
RO L IR DD (0 = uowler) , WTHOFER E LR L 2 HFOFHEDBIFRIL 1% 1
272 6F, F— 7 NWECRIREDZERFECTH> THIMEIIEL2E R HDHZ EnbiroTz,

ZERRER T2 TN E S 720 D1, Kozeny-Carman DI 5 & 070> 5 SARI 72 i BT K
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1

0.03
0.025 ez4 mz5 76 @77 xz8 xZ9
g 0.2 r u, = uout/gf x
:N 0.015 -\\\/ ° [ ] X X X |
N °
B \,' P x>¢< *
0.01 ‘~~x%)(xx< XX( xx *x* **
0.005 | >§(~;>§(:&_ x%-_ff
0 X *&Z}r R gi, XX
0.2 0.4 . 0.8 1
e [-]
(a) Aggregation
0.03
0.025 ez4 mz5 76 @77 %278 X 79
g 002 B uZ = uout/gf
Rt 0.015 N
\\
0 L , x X .
0.2 0.4 0.6 0.8 1
ep[-]
(b) Dispersion
Fig. 5.12 Relationship between the porosity in the cake and flow

velocity for mono-dispersed silica cake after filtration

DEN (REORLN) NTLDZ LR, F—7 ER TR ih ) PRSI ks
ZEREEL WD EEZOND. ZhUE, 7 NHOREES OIS SXIC XY, it
AUTRY N TEDLZLEZRBLTWD, REHDIXG DX I — 27 EEOFNRRKREL 25T
W5, r—7 FEITZERESMGIALS, MEPROEZERPRENZOLEZIDOND. F
7o, SrHSRE RV B BRSO TN 2R AMITIES, EHDITHHE b R&EhoT.

Fig. 5.13 12, AWM THDOZE U I OEEE - 5 BSRMICB T 2 2EME L 2 Hn Ok
WOBRETRT . RGBT, B U DITHATEH S U I O R ZERESS
DT DENRKENoT2. BTV WOSE, RKREWKRLFIZX > TTE 2R/
SVHLFIC L 5 THO BTN DD BTV R NNIZ L - T, ZERBLIALOM Y 1T
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0.03
0.025 | *z4 mz5 76 @77 %28 X 79
— 0.02
é u - uout/gf
:ﬁ. 0.015 §
X
0.01 xxxx %
x X
0.005 & ___f_ X xx x*
02 0.8 !
& [']
(a) Aggregation
0.03
0.025 ez4 mMz5 76 @77 X 78 X279
— 002 r
E U, = Uy,/e
— 0.015 t /
S N
N
001 T ‘m R X
S ¥ X
0.005 | ﬁ%-_______ gé
(ansty ¥
0 1 L XX Xg x X
0.2 0.4 0.6 |
e [-]
(b) Dispersion

Fig. 5.13 Relationship between the porosity in the cake and flow

velocity for poly-dispersed silica cake after filtration

ENTEXDHEDEEZLND.

WIZ, TEIMENEE, ERERBENENEEr— 7 OWEKIRIUT NS 2D Z 20D,
77— WEBOTRIEHIIOEE & U Cw/u)er T, 22T, w iAWY Ial—g

CRBITDHUH (t=0s) OHOEETHD. Fig.5.14 12, AWK THROBESE Y I 75—

BT D xy MOFWEENVALE (nxn, =64 ) & (uluo)es DEIR AT, 7r— 7 I
OB 2527 BIZB W TIRIARTIDA R ELS RoTWL 2 &R D. F—7 K TEIZHT
% 74 JE TIIMAER N/ NS oo TWnd. ZhiE, AR L7280 24 BIZZERENEm -
DT D. BEEEMN L I Z T 5 &, BRSO TN xy NNLE S — 7 BB T7
M (z M) Zx L TES &R RE .
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Fig. 5.14  Relationship between the position of fluid cells in the xy-plane

and (u-/uo)/er for mono-dispersed silica cake after filtration
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Fig. 5.18 Standard deviation of (u:/uo)/er in the cake thickness direction at each

position in the xy-plane for poly-dispersed silica cake
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Nomenclature

Au = Hamaker constant [J]

a; = unit normal vector between identified particles [-]

Cp  =drag coefficient [-]

c = elementary electric charge [C]

d, = particle diameter [m]

Fs = Brownian fluctuation force [N]

Fp; =drag force of identified particle [N]

Fe. = electrostatic force [N]

Fyan = van der Waals force [N]

fo = interaction between particle and fluid [m/s?]

g = gravity acceleration [m/s?]

Za = coefficient for calculation convergence [m/s?]

I, = moment of inertia for particle [kg'm?]

k = Boltzmann constant [-]

L = center distance between two particles [m]

L = cake thickness [m]

m = mass ratio of wet cake to dry cake [-]

mp = mass of particle [mm]

p = pressure [-]

R.  =flow resistivity of cake [1/m]

Re  =Reynolds number [-]

Rn = flow resistivity of filter medium [1/m]

R, =torque derived from contact between particles [N'm]

o = radius of particle [m]

Sy = specific surface area [m?]
= temperature K]

T, = translational force derived from contact between particles [N]

t = time (filtration time) [s]

us = fluid velocity [m/s]

uow = flow velocity at outlet (filtration rate) [m/s]
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u, = particle velocity [m/s]

U: = flow velocity in z-direction [m/s]

Vee'w = volume of a fluid cell [m?]

V, = volume of a particle [m?]

We = unit mass of cake [kg/m?]

Ze = valence of electrolyte ion [-]

oay = average specific resistance of cake [m/kg]

i} = coefficient of interaction between fluid and particle [ke/m’s]

4 = fluid cell size [m]

Ap = pressure of filtration [Pa]

Ap. = pressure drop across cake [Pa]

Apm = pressure drop across filter medium [Pa]

At = discrete time [s]

&r = porosity [-]

Ke = inverse of Debye length [1/m]

s = fluid viscosity [Pas]

p» = number density of electrolyte ions [1/m?]

pr = fluid density [kg/m?]

pp = particle density [kg/m?]

w, = angular velocity [rad/s]

o = zeta potential [mV]
<Subscript>

i = identified particle

Ergun = calculated from Ergun equation
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